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FOREWORD 

The Reactor Development P r o g r a m Progres s Report, issued 
monthly, is intended to be a means of reporting those items 
of significant technical p rogress which have occurred in both 
the specific reactor projects and the general engineering r e 
search and development p rograms . The report is organized 
in accordance with budget activities in a way which, it is 
hoped, gives the c learest , most logical overall view of prog
ress . Since the intent is to report only i tems of significant 
progress , not all activities a re reported each month. In 
order to issue this report as soon as possible after the end 
of the month editorial work must necessar i ly be limited. 
Also, since this is an informal progress repor t , the resul ts 
and data presented should be understood to be prel iminary 
and subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
reports . 

The last six reports issued 
in this ser ies a re ; 

July 1969 ANL-7595 

August 1969 ANL-7606 

September 1969 ANL-7618 

October 1969 ANL-7632 

November 1969 ANL-7640 

December 1969 ANL-7655 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for January 1970 

EBR-II 

The reactor was operated for 817 MWd during the reporting period, 
bringing its cumulative operational total to 31,027 MWd. 

The Test -2 (fueled) instrumented subassembly completed its f irst 
in - reac tor run on January 10 and is now in its second run. All sensors 
are performing satisfactorily. Except for the tempera tures at the cen te r -
lines of the fuel pins, the measured tempera tures are very close to the 
projected t empera tu res . The centerline tempera tures are lower than p r o 
jected. The reason for this difference is being sought. 

Elec t ron-microprobe examination of the stainless steel cans 
which contained graphite in mater ia l s -surve i l lance subassembly SURV-2 
revealed no evidence of interaction between the stainless steel and the 
graphite. 

ZPR-3 

Upon the completion of the analysis of the radial perturbation 
t r ave r se s with Pu-239 and U-238 and the central perturbation m e a s 
urements , experimental work with the benchnnark plutonium-carbon 
Assembly 58 was concluded, In the lead-reflected Assembly 59, basic 
measurements , including that of the natura i -uranium Doppler coeffi
cient, were made, but have not yet been analyzed. 

Following this, pre-loading of Assembly 60, an EBR-II mockup, 
was begun. 

ZPR-9 

FTR-3 , the f irs t plutonium-fueled fast spectrum reactor to be 
built at the Illinois Site (Assembly 26 of ZPR-9) achieved initial c r i t i 
cality on January 9, 1970. The cr i t ical mass was 537 kg of fissile 
plutonium, in reasonable agreement with predicted cr i t ical m a s s . Fur ther 
reac tor modifications needed for plutonium operation resul ted in a tempo
r a r y interruption of scheduled operation. 

Data reduction and analysis of resul ts obtained ear l ie r with 
three null zones in Assembly 25 is still in p rog res s . 



ZPPR 

The computer-controlled ZPPR counting-room gamma-spectroscopy 
system is now in full operation. Foil-counting throughput is expected to 
lie between 30 and 150 foils per day. An early application of this equipment 
was to the measurement of manganese- and sodium-activation t r ave r se s 
made in the Z P P R / F T R - 2 shield configuration. 

Following a period of shutdovm maintenance, loading of the ZPPR As
sembly 2, a 2600-liter core with a calculated cr i t ical mass of 1250 kg of 
plutonium, was begun. 



TABLE OF CONTENTS 

I. LIQUID METAL FAST BREEDER REACTORS--CIVILIAN 

Page 

1 

1 A. Physics Development--LMFBR 

1. Theoretical Reactor Physics 
2. Experimental Reactor Physics 
3. ZPR-6 and -9 Operations and Analysis 
4. ZPR-3 and ZPPR Operations and Analysis 

B. Component Development--LMFBR 

1. Instrumentation and Control 

2. Fuel Handling, Vessels and Internals 

C. Sodium Technology 

1. Sodium Chemistry 
2. Sodium Analytical Development 
3. On-line Monitors 
4. Fission Product Behavior and Control 31 

5. Cover-gas Monitoring 

D. Systems and Plant Development 

1. Plant and Design 
E. EBR-I I - -Research and Development 

1. New Subassemblies and Experimefttal Support 35 
2. Instrumented Subassemblies 36 
3. Coolant Chemistry 
4. Experimental Irradiation and Testing 
5. Materials-Coolant Compatibility 
6. Reactor Analysis, Testing and Methods Development 45 
7. Driver Fuel Development "7 
8. Operation with Failed Fuel T^ 
9. Physics Mock-up Studies 74 

76 

76 

76 

1 
3 
12 
16 

22 

22 
25 

25 

25 
27 
29 

32 

34 

34 

35 

37 
40 
40 

F . EBR-I I - -Fue l Fabrication 

1. Cold Line Operations 

G. EBR-II--Operat ions 

1. Reactor Plant 
2. Fuel Cycle Facility 

PUBLICATIONS 83 

76 
79 



T A B L E O F C O N T E N T S 

P a g e 

II . O T H E R F A S T R E A C T O R S - - O T H E R FAST B R E E D E R 
R E A C T O R S - - F U E L D E V E L O P M E N T 85 

A . I r r a d i a t i o n E f f e c t s , M e c h a n i c a l P r o p e r t i e s and 
F a b r i c a t i o n 85 

1. M e c h a n i c a l P r o p e r t i e s of A u s t e n i t i c S t a i n l e s s S t e e l s 85 

P U B L I C A T I O N 87 

III. GENERAL REACTOR TECHNOLOGY 88 

A. A p p l i e d and R e a c t o r P h y s i c s D e v e l o p m e n t 88 

1. T h e o r e t i c a l R e a c t o r P h y s i c s - - R e s e a r c h and 
D e v e l o p m e n t 88 

2. N u c l e a r D a t a - - R e s e a r c h and D e v e l o p m e n t 92 

B . R e a c t o r F u e l s and M a t e r i a l s D e v e l o p m e n t 94 

1. F u e l s and C l a d d i n g s - - R e s e a r c h and D e v e l o p m e n t 94 

2. T e c h n i q u e s of F a b r i c a t i o n and T e s t i n g - - R e s e a r c h 
and D e v e l o p m e n t 103 

3. E n g i n e e r i n g P r o p e r t i e s of R e a c t o r M a t e r i a l s - -
R e s e a r c h and D e v e l o p m e n t 107 

C. E n g i n e e r i n g D e v e l o p m e n t - - R e s e a r c h and D e v e l o p m e n t 110 

1. H e a t T r a n s f e r and F l u i d F l o w 110 

2, E n g i n e e r i n g M e c h a n i c s 114 

D. C h e m i s t r y and C h e m i c a l S e p a r a t i o n s 116 

1. F u e l C y c l e T e c h n o l o g y - - R e s e a r c h and D e v e l o p m e n t 116 

P U B L I C A T I O N S 120 

IV. N U C L E A R S A F E T Y R E S E A R C H AND D E V E L O P M E N T 122 

A. L M F B R S a f e t y - - R e s e a r c h and D e v e l o p m e n t 122 

1. A c c i d e n t A n a l y s i s and Safety E v a l u a t i o n 122 
2. C o o l a n t D y n a m i c s 122 
3. C o r e S t r u c t u r a l Safe ty 125 
4 . F u e l M e l t d o w n S tud i e s with T R E A T 125 
5. M a t e r i a l s B e h a v i o r and E n e r g y T r a n s f e r J28 
6. 1000 MW(e) Safety A n a l y s i s S tud ie s 12g 
7 . V io len t Bo i l ing J 3 Q 
8. P o s t - a c c i d e n t H e a t R e m o v a l 13.^ 

P U B L I C A T I O N S I3.7 



I . LIQUID M E T A L FAST B R E E D E R REACTORS--CIV1L1AN 

A. P h y s i c s D e v e l o p m e n t - - L M F B R 

1. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. G e n e r a l F a s t R e a c t o r P h y s i c s 

(i) R e a c t o r D y n a m i c s (D. A. Mene ley ) 

L a s t R e p o r t e d ; A N L - 7 5 5 5 , pp . 1-4 (Dec 1969). 

An u n d e t e r m i n e d - p a r a m e t e r m e t h o d , * d e v e l o p e d to i n t e 
g r a t e the m u l t i m o d e k i n e t i c s equa t ion , i s known to o v e r c o m e the l i m i t a 
t i o n s of t i m e - s t e p s i z e of f inite d i f f e rence m e t h o d s , but the ex t en t of t h i s 
i m p r o v e m e n t for s p a c e - t i m e k i n e t i c s is not known. In an a t t e m p t to 
e s t a b l i s h the d e g r e e of s u p e r i o r i t y of the u n d e t e r m i n e d - p a r a m e t e r i ne thod , 
s o m e n u m e r i c a l c a l c u l a t i o n s w e r e m a d e , w i th the r e s u l t s p r e s e n t e d b e l o w . 

The t r a n s i e n t a n a l y z e d is i n i t i a t e d by a r a m p i n c r e a s e in 
f i s s i o n c r o s s s e c t i o n for 0.1 s ec in the i nne r 15 c m of the r e a c t o r d e -
s c r i b e d by F u l l e r . * The t r a n s i e n t i s t e r m i n a t e d a t t = 1.0 s e c , by w h i c h 
t i m e $1.23 in r e a c t i v i t y h a s b e e n i n s e r t e d . The in i t i a l and f inal flux s h a p e s 

a r e shown in F i g . I . A . I . T h e s e a r e 
u s e d a s t r i a l and we igh t ing func t ions 
in a s p a t i a l we igh ted r e s i d u a l p r o 
c e d u r e (that r e s u l t s in the f o r m a t i o n 
of the m u l t i m o d e k i n e t i c s e q u a t i o n s ) 
to ob ta in the r e s u l t s shown in 
F i g . I .A.2 and T a b l e I . A . I . It shou ld 
be no ted tha t , in a l l c a s e s , the c o r 
r e c t flux shape w a s s e l e c t e d by the 
we igh ted r e s i d u a l p r o c e d u r e . 

F i g u r e I.A.2 shows the a m 
pl i tude function (see E q . 8.1 of 
F u l l e r ) a t the end of the r a m p , v e r 
sus the a v e r a g e t i m e - s t e p s i z e , for 
v a r i o u s c h o i c e s of p o l y n o m i a l t r i a l 

0 15 30 45 60 75 9 0 105 
DISTANCE FROM CENTER OF REACTOR, Cm 

Fig. I.A.I. Shape Functions 

func t ions for the t e m p o r a l i n t e g r a t i o n . WIGLE u s e s a f i n i t e - d i f f e r e n c e 
m e t h o d for t i m e i n t e g r a t i o n , so tha t a l i n e a r v a r i a t i o n in the a m p l i t u d e 
funct ion is a s s u m e d o v e r the t i m e s t e p . No te , then , tha t the u n d e t e r m m e d -
n a r a m e t e r m e t h o d is i n t r i n s i c a l l y m o r e eff ic ient b e c a u s e m u c h l a r g e r 
t i m e s t e p s can be t a k e n , even wi th l i n e a r t r i a l func t ions , to ob ta in an a c 
c u r a t e so lu t i on . 

•Fuller, E. L., Ill, ANL-1565(1%9). 
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Amplitude Functions at 
t =0.1 sec vs Average 
Time-step Size 

TIME STEP, sec 

TABLE I .A. I . R e s u l t s at t = 1 s ec for Two Modes 

El 

1.0 

0 . 1 

0.01 

0.001 

1.0 

0 .1 

0.01 

0.001 

L i n e a r 

4.20 X 1015 

5.34 X 10'^ 

4.22 X 10'^ 

3.95 X 10'^ 

21 

7 8 

180 

727 

Q u a d r a t i c 

Ampl i tude F u n c t 

1.13 X 1 0 " 

1.11 X 1 0 " 

3.93 X 10'^ 

3.94 X 10'^ 

T i m e Steps 

11 

14 

90 

183 

Cubic 

i o n 

6.37 X 10^2 

4.06 X 10'2 

3.94 X 10'2 

3.94 X 10'2 

11 

30 

54 

98 

Q u a r t i c 

4.22 X 10'2 

3.94 X 10'^ 

3.94 X lO'^ 

3.94 X 1 0 " 

2 5 

131 

137 

159 

WIGLE; 3.94 x 10'^ for 2000 t i m e s t e p s . 

Some r e s u l t s at the end of the t r a n s i e n t (t = 1.0 s e c ) a r e 
shown in Table I .A. I . The p a r a m e t e r £[ is a m e a s u r e of d e g r e e of con
v e r g e n c e in the p r o c e d u r e for t i m e - s t e p s e l e c t i o n and is def ined in 
F u l l e r ' s Appendix B . The r e s u l t s a r e g e n e r a l l y s i m i l a r to t hose shown in 
F i g . I .A. I . However , two pi t fa l l s can be found by us ing the t a b l e . F i r s t , a 
loose Ej can lead to unexpec ted ly l a r g e i n a c c u r a c i e s , a s can be s e e n for 
ej = 1.0 and 0.1 with q u a d r a t i c t r i a l func t ions . Second, the m e t h o d m a y 
take ove r ly sma l l t i m e s t eps ( p r e s u m a b l y to c o r r e c t round-of f e r r o r s ) 
when the deg ree of the t r i a l po lynomia l b e c o m e s l a r g e (such a s q u a r t i c ) . 
A c c u r a c y is not i m p a i r e d , h o w e v e r . 

F r o m this l i m i t e d s tudy, one could conc lude tha t cub ic 
t r i a l functions provide an op t imum choice to obta in the m o s t a c c u r a t e 



solutions in the most efficient manner. Quadratic t r ia l functions, however, 
do nearly as well as far as computer time is concerned. 

2. Experimental Reactor Physics 

a. Fas t Critical Exper iments--Exper imental Support--Idaho 

(i) Development of Experimental Techniques (S. G. Carpenter) 

Last Reported; ANL-7460, pp. 13-17 (Nov 1969). 

(a) ZPPR Counting-room Gamma-spectroscopy System. 
The ZPPR counting-room gamma-spectroscopy system is now in full 
operation. The basic system is composed of three li thium-drifted-
germanium detectors with sample changers, three analog-to-digital con
v e r t e r s , one small computer for data acquisition and system control, one 
storage oscilloscope for data display, and one incremental magnetic tape 
for data s torage. Amplifiers, preamplif iers , live t ime r s , high-voltage 
supplies, and a teletype unit complete the list of main-sys tem components. 

The gamma-spectroscopy system is present ly opera
tional m one of the two modes, either as a single multichannel analyzer or 
as three multichannel analyzers . The computer provides complete control 
of the system after the mitial conditions are set. These initia conditions 
consist of selecting the proper controls on the amplif iers, analog-to-
digital conver ters , and t imer s , entering, via the teletype, an 8-character 
identification code, the date, the starting t ime, the maximum counting in
terval allowed (in minutes), and the numbered spectra to be accumulated. 

For the single-multichannel-analyzer mode, additional 
entr ies include the detector chain to be used and the data a rea to be accu
mulated. The data a rea is comprised of 53 blocks of " channels each, and 
these can be selected from any portion of the incoming 8192-channel spec
t rum For the three-mult ichannel-analyzer mode, a data area composed of 
15 blocks of 64 channels must be specified for each of the three detector 
chains. 

After the program is s tar ted and the initial conditions 
specified, the magnetic tape unit is interrogated and rese t , and the sample 
changers a re tested to see if a sample is in position to be counted. If the 
sample changers are not ready, the program waits until they are ready be
fore executing the remainder of the program. The program then continues 
on to read and store the sample numbers , rese t the live t ime r s , and s ta r t 
accumulating data. 

Data accumulation continues until all the live t i m e r s 
have stopped or the maximum counting time is reached. The data is then 



displayed on a storage oscilloscope, if desired, and written on magnetic 
tape. The live t imer "time" is also written on the magnetic tape along with 
the real (clock) start and stop time for each counting chain. The sample 
changers are also commanded to change samples, and then the program 
either goes back to the point of checking the sample changers or te rminates , 
depending on sense-switch options. 

The counting system also has available two small Nal 
detectors, and a lithium-drifted-silicon detector for beta and alpha 
counting or spectroscopy. These detectors can be used with the sample 
changers instead of the Ge(Li) detectors, or in coincidence with the Ge(Li) 
detectors if the experiment requires such a system. A 3 x 3-in. Nal de
tector and a small Ge(Li) are also available for use in a standard (3 x 3 x 
3-ft) lead cave. 

Experience to date indicates that foil-counting through
put, using the Ge(Li) detectors, could go as high as 150 foils per day for 
well-activated, short-half-life foils (such as manganese), and as low as 
30 foils per day for fission product foils. This is well within the original 
design parameter of 200 to 300 foils per week. 

Data analysis is presently being accomplished with the 
ZPPR computer (SEL-840). The limited size of this computer requi res the 
analysis to be done in three steps, and this will probably increase to four 
or five steps as further modifications and improvements a re made. 

(ii) Selected Differential and Integral Data (S. G. Carpenter) 

Not previously reported. 

(a) Measurements of Manganese and Sodium Activation in 
Z P P R / F T R - 2 Shield Configuration. A ser ies of radial manganese- and 
sodium-activation t raverses were performed at six axial elevations in the 
Z P P R / F T R - 2 shield configuration (see P rogres s Report for October 1969, 
ANL-7632, pp. 14-22). both with and without fuel in the shield. The sodium 
was contained in standard l /4 x 2 x 2-in. stainless s teel-clad cans each of 
which contained 11.5 g of sodium metal on the average. Manganese was in 
the form of Mn-20% Cu alloy in circular foils measuring a nominal 
0.005 in. thick by 0.500 in. in diameter, containing on the average 0.119 g 
manganese. 

The principle azimuthal direction of the t r ave r se s was 
along the centerline of the partially represented shield. In the "fuel out" 
configuration, an additional radial t raverse was performed at 90° to this, a 
direction in which the shield was not represented. 



The capture reactions "Na(n,7)^%a and "Mn(n,7)^'Mn 
were assessed from the gammas which follow beta decay, using the Ge(Li) 
spectroscopy system of the ZPPR Counting Facility. The gamma activity 
was measured in a ser ies of short counts of each foil, in terspersed with 
counts of all other samples, over a period which approached a half-life in 
some cases . This procedure allowed nearly all factors directly affecting 
counting precision to be evaluated directly. (Such effects include timing 
e r r o r s , l ive- t imer accuracy, and nonreproducibility of counting geometry, 
as well as the usual nuclear-decay statist ics.) 

The resulting multichannel spectra were evaluated by 
the RAID Code (see P rogres s Report for November 1969. ANL-7640. 
pp. 17-18). This locates each peak, subtracts the underlying Compton 
background, and combines and statistically evaluates the repeated counts. 
The span of the measurement included at least two gamma rays for each 
isotope, further broadening the statistical basis on which the precision 
was assessed . 

The results presented in Tables I.A.2, I.A.3, and I.A.4 
are expressed in te rms of the absolute disintegration rate at the time of 
reactor shutdown. No corrections have been made for gamma-ray attenua
tion or neutron self-shielding. Counting efficiency for each detector system 
was determined relative to a set of calibrated standard sources . 

The manganese results are referred to the 846.8-keV 
gamma ray, with an assumed absolute transit ion intensity of 0.987 g a m m a / 
disintegration. The sodium activations a re referred to the 1368.526-keV 
gamma ray. with an assumed absolute transition intensity of 1.00 gamma/ 
disintegration. The counting geometry for the sodium plates differed con
siderably from that for which the efficiency calibration was established. 
Es t imates , both internal and external to the present data, indicate that the 
geometric efficiency factor relative to the manganese was 1.27 ± 0.13, the 
sodium being counted more efficiently. This correction was not applied. 

The uncertainties expressed in the tables are derived 
from nuclear counting statist ics and observed nonreproducibilit ies, and 
represent one standard deviation in the precision of the counting m e a s u r e 
ment. They fairly represent the relative uncertainties within each (manga
nese or sodium) group of data. In addition to this, the absolute efficiency 
of the counting system is uncertain by a systematic 10%. In comparing the 
sodium and manganese t r ave r ses , there is an additional possibility of a 
10% systematic e r r o r due to the differences in counting geometry. 

All measurements reported here were done in two 
irradiat ions; Run 248 with fuel in the shield, and Run 250 without fuel in 
the shield. Each lasted 48 min. 



TABLE I A 2. Manganese and Sodium Activations: Z P P R / F T R - 2 Shield 
Configuration with Fuel in Shield Traverses along Row 37, Half 1^ 

Axial 
Elevation (in. 

3 

7 

11 

14 

17 

22 

Radius'^ 
) (m.) 

0.25 
4.60 

13.23 
21.98 
23.28 
27.62 
34.14 
43.46 
52.40 
56.75 

43.46 
52.40 
56.75 

43.46 
52.40 
56.75 

0.25 
4.60 

13.29 
21.98 
23.28 
27.62 
34.14 
43.46 
52.40 
56.75 

43.46 
52.40 
56.75 

0.125 
4.47 

13.16 
21.86 
23.28 
27.62 
34.14 
43.46 
52.40 
56.75 

Absolute Manganese Disintegration 
Rates': (x 10» hr^ ' g"') 

106.18 
95.02 
51.40 
55.17 
88.41 

115.77 
56.27 
13.590 
2.3664 
1.152 

13.113 
2.3600 
1.160 

12.05 
2.117 
1.1007 

88.18 
78.28 
43.98 
44.02 
66.68 
83.16 
41.12 
10.714 
2.084 
1.087 

9.399 
2.205 
1.2047 

123.60 
119.91 
99.76 
73.97 
71.30 
51.63 
24.95 

7.317 
3.060( 

± 0.21 
+ 0.77 
± 0.22 
± 0.21 
± 0.24 
±0.50 
+ 0.18 
± 0.080 
± 0.0090 
± 0.022 

± 0.088 
+ 0.0077 
+ 0.022 

± 0.13 
± 0.021 
± 0.0072 

± 0.67 
± 0.36 
± 0.13 
± 0.23 
± 0.27 
+ 0.28 
± 0.19 
± 0.047 
+ 0.025 
± 0.066 

± 0.032 
± 0.020 
± 0.0072 

± 0.99 
± 0.28 
± 0.83 
+ 0.23 
± 0.26 
± 0.14 
± 0.16 
+ 0.042 

> + 0.0085 
1.8159 ± 0.0047 

Absolute Sodium Disintegration 
RatesC-'i (x l O ' h r " ' g"') 

51.65 
47.43 
37.38 
30.86 
45.46 
48.12 
26.58 

7.813 
1.153 
0.610 

7.352 
1.045 
0.5834 

7.225 
0.924 
0.558 

41.33 
37.64 
28.15 
23.57 
33.87 
38.28 
19.998 
6.11 
0.913 
0.514 

5.471 
0.970 
0.5721 

45.48 
45.43 
36.71 
29.518 
31.37 
25.64 
12.708 
4.399 
1.633 
0.970 

+ 0.16 

+ 0.21 
+ 0.11 
± 0.44 
± 0.45 
± 0.31 
± 0.22 
± 0.065 
± 0.013 
± 0.022 

+ 0.054 
± 0.013 
+ 0.0095 

± 0.059 
± 0.014 
± 0.010 

± 0.43 
+ 0.29 
± 0.18 
± 0.28 
± 0.14 
+ 0.14 
± 0.076 
± 0.14 
± 0.024 
± 0.011 

± 0.054 
± 0.016 
± 0.0092 

± 0.23 
± 0.46 
± 0.50 
± 0.068 
+ 0.15 
± 0.16 
± 0,058 
+ 0.066 
± 0.019 
± 0.014 

^Refer to Fig. I.A.7 of Progress Report for October 1969, ANL-7632, p. 21. 
^At center of l /4 x 2 x 2-in. sodiunn can. Manganese radii are 1/8 in. l e ss . 
^At time of reactor shutdown. 
"Geometric relative counting efficiency factor relating sodium cans to calibrated foil 

geometry is 1.27 + 0.13. 



TABLE I.A.3. Manganese and Sodium Activations: Z P P R / F T R - 2 Shield 
Configuration without Fuel in Shield Traverses along Row 37, Halt 1^ 

Axial Radius^ Absolute Manganese Disintegration Absolute Sodium Disintegration 
Elevation (in.) (in.) Ratesc (x 10» h r ' ' g"') Rates':-"! (x lO' h r" ' g"') 

0 ,25 
4.60 

13.29 
21 
27 
34 

,98 
.62 
.15 

43.46 
52 
56 

.15 

.50 

13,29 
21 ,98 
43.46 
52 ,15 

13.29 
21 .98 
43.46 
52 

0 

,15 

,25 
4.60 

13.29 
21 
27 
34 

,98 
,62 
,14 

43.46 
52 
56 

,15 
,50 

13,29 
21 , 98 
43.46 
52, 

0, 
4, 

13, 
2 1 , 
27. 
34. 

15 

125 
47 
16 
86 
62 
14 

43.46 
52. 15 
56,50 

105,23 
93.49 
50,47 
55.25 

117.93 
56.12 

± 0.58 
± 0.33 
± 0.33 
± 0.52 
+ 0.33 
± 0.35 

43.43 
46.61 
12.17 
4.748 

88.56 
77.24 
43.47 
43.76 
85,74 
40,81 
10.69 
4.296 
2.541 

53.18 
48.49 

9.535 
4.207 

122.22 
119,30 
99,43 
72,84 
50.60 
24.70 

7.120 
3.230 
2.087 

± 0,16 
+ 0.14 
± 0.23 
± 0.071 

+ 0.43 
± 0.46 
± 0.12 
± 0.22 
± 0.22 
± 0.33 
± 0.028 
± 0,017 
± 0.013 

± 0.15 
± 0.13 
± 0.086 
± 0.024 

± 0.44 
± 0.57 
± 0.47 
± 0.35 
± 0.23 
+ 0.15 
+ 0.036 
± 0.032 
± 0,014 

53,41 
50,95 
39.47 
32.72 
53.32 
27.67 

8.280 
3.032 
1.685 

+ 0,24 
+ 0.20 
± 0.37 
± 0.29 
± 0.11 
± 0.26 
+ 0.068 
± 0.029 
± 0.033 

13.581 ± 0.086 
5.378 ± 0.021 
2.988 + 0.015 

44.82 ± 0.18 33.44 ± 0.10 
48.53 ± 0.13 27,89 ± 0,085 
12.763 ± 0.067 6,813 ± 0.058 

5.014 + 0.031 2.652 ± 0,075 

31.34 + 0,17 
25,97 ± 0,25 

6,828 ± 0.024 
2.636 ± 0.011 

38.92 ± 0.22 
36.30 ± 0 , 1 4 
28.69 ± 0,11 
23.84 ± 0.32 
37,27 + 0,40 
19.48 ± 0 , 0 5 4 

6,335 ± 0.044 
2,463 ± 0,0058 
1.440 ± 0.047 

27.41 ± 0.20 
22.73 + 0 . 1 0 

5.355 + 0.086 
2.145 ± 0,0097 

44.10 + 0.18 
41.83 ± 0.30 
36.63 + 0.30 
28.59 + 0.26 
24.27 + 0.13 
12.31 ± 0 . 0 5 5 
4.093 ± 0.055 
1.925 ± 0.010 
1.166 ± 0.029 

*Re£er to Fig, I,A.5 in P rogress Report for October 1969, ANL-7632, p. 17. 
^At center of 1/4 x 2 x 2-in. sodium can. Manganese radii are l / s in, less . 
^At time of reactor shutdown. 
"kjeometric relative counting efficiency factor relating sodiunn cans to calibrated foil 
geometry is 1.27 ± 0,13, 



TABLE I.A.4. Manganese and Sodium Activations: Z P P R / F T R - 2 
Shield Configuration without Fuel in Shield T rave r se along 

Column 37, Half 1^ at Axial Elevation of 3 in. 

Radiusb 
(in.) 

29.55 
38.64 
47.73 
56.83 

Absolute Manganese 
Disintegration Rates'^ 

(x 1 0 » h r - ' g - ' ) 

85,34 ± 0,24 
13,59 ± 0,045 
8,114 ± 0.010 
5,645 ± 0,017 

Absolute Sodium 
Disintegration Rates'^' '! 

(x 10' h r - ' g- ' ) 

40.11 + 0.26 
8.141 ± 0.066 
5.616 ± 0.030 
4.055 + 0.11 

^Refer to Fig. I.A.5 of P r o g r e s s Report for October 1969, 
ANL-7632, p. 17. 

^At center of l /4 x 2 x 2-in, sodium can. Manganese radii a r e 
1/8 in. l e ss . 

"̂ At time of reactor shutdown. 
'^Geometric relative counting efficiency factor relating sodium cans 

to calibrated foil geometry is 1.27 ± 0.13. 

Auxi l i a ry abso lu te m e a s u r e m e n t s of the P u - 2 3 9 f i s s i o n 
r a t e and N a - 2 3 cap tu re r a t e s w e r e m a d e n e a r c o r e c e n t e r in e a c h r u n . The 
r e s u l t s a r e given in Table I .A .5 . The f i s s ion r a t e s w e r e d e t e r m i n e d wi th an 
abso lu te coun te r . The sod ium r e a c t i o n r a t e s w e r e found by a c t i v a t i o n of a 
nomina l ly 0 . 1 2 5 - i n . - t h i c k by 0 . 4 8 5 - i n . - d i a NaCl p e l l e t , wh ich could be 
counted in the s t a n d a r d g e o m e t r y . The r a t i o of to ta l i r r a d i a t i o n s of the two 
r e a c t o r runs was 1.00, within the a p p r o x i m a t e 0.5% u n c e r t a i n t i e s , a s m e a s 
u r e d by each of the two m e t h o d s . 

TABLE I.A,5, Measurements of Reaction Rate near Core Center 

Reaction 

"Vu{n ,F)F .P .^ 

"Na(n,7)''*Na^ 

Radius 
(in.) 

0.0 

0,75 

Location 

Elevation 
(m.) 

1,00 

1,00 

Half 

1 

2 

Absolute Reaction 

Run 248 
(Fuel in Shield) 

(7,016 + 0,14) x 10' 

(1,477 ± 0,0067) X i C 

Rate (g- ' s e c ' ' ) 

Run 2 50 
(No Fuel in Shield) 

(6,978 ± 0,14) X 10' 

(1,486 + 0.0075) X i C 

^Quoted e r r o r s include those relating to absolute calibration. 
Absolute calibration of sodium measurements is uncertain by 10%. 

^- F a s t C r i t i c a l E x p e r i m e n t s - - E x p e r i m e n t a l S u p p o r t - - I l l i n o i s 

(0 Se lec ted Dif fe ren t ia l and I n t e g r a l Da ta (R. Gold) 

L a s t Repor t ed ; A N L - 7 6 1 8 , pp . 4 - 6 (Sept 1969). 

(a) Abso lu te M e a s u r e m e n t of v(^^^Ci). The n e e d for a c c u 
ra t e m e a s u r e m e n t s of the to ta l y ie ld of n e u t r o n s (v) in s p o n t a n e o u s f i s s i o n ' 



h a s con t inued . P r e v i o u s s t u d i e s * of the fundamenta l f i s s i on c o n s t a n t s i nd i 
ca t e tha t the m o s t c o n s i s t e n t va lue s of v for t h e r m a l f i s s ion a r e b a s e d on 
r a t i o m e a s u r e m e n t s wi th v(^^^Cf). T h u s , the abso lu t e m e a s u r e m e n t of the 
c a l i f o r n i u m yie ld u n d e r l i e s a l l p r e c i s i o n va lue s of t h e r m a l - f i s s i o n y i e l d s 
and a l s o p r o p a g a t e s as the t i epo in t for the y ie ld as a function of e n e r g y . 

We have r e c e n t l y c o m p l e t e d an eva lua t ion of v{ Cf) 
b a s e d on a b s o l u t e m e a s u r e m e n t s of the n e u t r o n r a t e and f i s s ion r a t e f r o m 
t h r e e f i s s i o n c h a m b e r s . This e x p e r i m e n t , which i n c o r p o r a t e s a d v a n c e s 
ove r p r e v i o u s w o r k , * * was a c c o m p l i s h e d wi th a high d e g r e e of 
a u t h e n t i c a t i o n . 

The n e u t r o n - e m i s s i o n r a t e fac to r in the y i e ld w a s 
found wi th the aid of a m a n g a n e s e - b a t h fac i l i ty independen t ly c a l i b r a t e d wi th 
r e f e r e n c e to abso lu te b e t a - g a m m a co inc idence counting of ^''Mn. The c a l i 
b r a t i o n capab i l i t y was r e i n f o r c e d th rough a l i m i t e d i n t e r n a t i o n a l c o m p a r i s o n 
of a c t i v a t e d m a n g a n e s e a l i q u o t s . 

Spec ia l m e a s u r e m e n t s w e r e m a d e of o the r s u b s i d i a r y 
p a r a m e t e r s , such as p a r a s i t i c a b s o r p t i o n by h i g h - e n e r g y n e u t r o n s in sul fur 
and oxygen, the effect ive t h e r m a l c r o s s - s e c t i o n r a t i o of hyd rogen to m a n 
g a n e s e , and s o u r c e - h o l d e r t h e r m a l a b s o r p t i o n . 

P r e c i s e suppor t in the a c c u r a c y of the n e u t r o n a s s a y 
was ob ta ined f r o m c o m p a r i s o n wi th s t a n d a r d s o u r c e s . F o r e x a m p l e , the 
independen t Argonne value for the i n t e r n a t i o n a l R a - B e ( a , n ) s t a n d a r d n e u t r o n 
s o u r c e is (3.223 ± 0.0014) x 10 n e u t r o n s / s e c c o m p a r e d to the i n t e r n a t i o n a l 
a v e r a g e ^ of (3.230 ± 0.030) x lO' . F o r the U.S. s e c o n d a r y s t a n d a r d , NBS-I I , 
the A r g o n n e r e s u l t is (1.1776 + 0.0043) j ^ 10 , w h e r e a s the a v e r a g e f r o m the 
Nat iona l B u r e a u of S t a n d a r d s is (1.177 ± 0.012) x 10^ 

The f i s s ion r a t e f rom each coun te r was ob ta ined p r i 
m a r i l y f r o m abso lu t e f i s s i o n - n e u t r o n co inc idence da ta , wi th s p e c i a l a t t en t i o n 
to a n g u l a r - c o r r e l a t i o n e f fec t s . One c h a m b e r wi th f i s s i o n - f r a g m e n t effi
c i e n c y of l e s s than 70% and a n o t h e r of l e s s than 90% had r a t h e r l a r g e 
a n g u l a r - c o r r e l a t i o n ef fec ts , r e s u l t i n g in r e d u c e d conf idence . The t h i r d 
c h a m b e r , though, p r o v i d e d over 99% f r a g m e n t eff ic iency; even s o , the 
m e a s u r e d a n g u l a r - c o r r e l a t i o n effect was as m u c h a s 1%. The f i s s i on r a t e 
ob ta ined wi th high p r e c i s i o n f r o m the co inc idence e x p e r i m e n t s i s s u p p o r t e d 
by d i r e c t eva lua t ion u n d e r condi t ions of a s m a l l w e l l - d e f i n e d so l id a n g l e . 

De Volpi, A., "Current Values of Fundamental Fission Parameters," Reactor and Fuel-Processing 
Technology 10f4). 271-288 (1967). 

**De Volpi, A., and Forges, K. G., Proceedings of Conference on Nuclear Data for Reactors, International 
Atomic Energy Agency, Vienna (1967), Vol. I, p. 297. ' 

t Naggiar, V., Metrologia 3, 51(1967). 
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The r e s u l t i n g va lue of v("^Cf) = 3.725 ± 0 .015 (total 
yield) is g e n e r a l l y independen t of c r o s s s e c t i o n s , n e u t r o n - s p e c t r u m a s s u 
t i ons , counting s t a t i s t i c s , and f i s s i o n - f r a g m e n t s e l f - a b s o r p t i o n . The e r r 
a s s i g n e d is a combina t ion of s t a t i s t i c a l and s y s t e m a t i c ef fec ts a t a con i-
dence level of 68%. 

Two c o n t r o v e r s i a l c o r r e c t i o n f a c t o r s r e m a i n : t h e s e 
a r e for l eakage c o m p e n s a t i o n and for s u l f u r - o x y g e n p a r a s i t i c a b s o r p t i o n . 
The upper l imi t for each is about t w o - t h i r d s of a p e r c e n t in oppos ing 
d i r e c t i o n s . 

The i m p l i c a t i o n s of th i s m e a s u r e m e n t , in c o n t e x t w i t h 
p a s t and o the r c o n c u r r e n t v a l u e s , s u g g e s t tha t n e u t r o n y i e l d s for "^U and 
" ' P u a r e lower than p r e v i o u s l y a c c e p t e d , p o s s i b l y by abou t 1/2%. 

c. F F T F C r i t i c a l A s s e m b l y E x p e r i m e n t s - - P l a n n i n g and 
Eva lua t ion (A. T r a v e l l i ) 

L a s t Repo r t ed : A N L - 7 6 5 5 , pp . 6-9 (Dec 1969). 

(i) Ca lcu la t ion of R e a c t i o n - r a t e T r a v e r s e s in Z P P R / F T R - 2 
Shie ld Conf igura t ion . The r a d i a l v a r i a t i o n of the N a - 2 3 c a p t u r e r a t e h a s 
been compu ted for ax ia l p o s i t i o n s a t 7.62, 35 .56, and 55.88 c m f r o m the 
dividing p l a n e . The n e u t r o n f luxes u s e d in the c o m p u t a t i o n s w e r e o b t a i n e d 
in the way d e s c r i b e d in A N L - 7 6 5 5 f r o m a D I F F 2D* diffusion s o l u t i o n for 
the Z P P R / F T R - 2 a s s e m b l y in i t s sh i e ld con f igu ra t i o n ( loading 120). F o r 
computa t iona l s i m p l i c i t y in r , z - g e o m e t r y the s h i e l d s e c t o r w a s e x t e n d e d 
a z i m u t h a l l y f r o m 60 to 360°. T h u s , the n e u t r o n f luxes w e r e a p p l i c a b l e 
only along r a d i i far f rom the a z i m u t h a l b o u n d a r i e s of the s h i e l d s e c t o r and 
only for the condi t ion of no fuel s t o r a g e in the s h i e l d . The 2 9 - e n e r g y - g r o u p 
c r o s s - s e c t i o n se t 25004 (see P r o g r e s s R e p o r t for D e c e m b e r 1968, 
ANL-7527 , p . 9) was u s e d , giving keff = 0 .9946. 

The t r a v e r s e s at 7.62 and 35.56 c m p a s s t h r o u g h the d e 
p le ted zone , c o r e , r a d i a l r e f l e c t o r , sh ie ld , and 5.53 c m of i r o n , w h i c h 
s i m u l a t e s the heavy c l a m p tha t ho lds the m a t r i x t u b e s in p o s i t i o n . The 
c o r e - a x i a l r e f l e c t o r i n t e r f ace is a t 45 .811 c m and the a x i a l r e f l e c t o r e n d s 
at 76.302 c m . Thus , the t r a v e r s e a t 55.88 c m p a s s e s t h r o u g h the a x i a l r e 
f lec tor for r a d i i s m a l l e r than the c o r e r a d i u s , t hen t h r o u g h the r a d i a l r e f l e c 
t o r , shield , and i ron c l a m p . 

Two r e a c t i o n - r a t e c u r v e s w e r e c o m p u t e d a t 7.62 and 
35.56 c m . The ca l cu la t ion of the f i r s t r e a c t i o n r a t e u s e d the 2 9 - g r o u p c r o s s 
sec t ions obta ined f r o m a 2100 -g roup fundamen ta l m o d e MC^** flux a v e r a g i n g 

* Toppel, B. J., ANL-7332 (1967). 

* * Toppel, B. J., et a l . , ANL-7318 (1967). 



for the core composition at criticality. Calculation of the second reaction-
rate t r averse used the 29-group cross sections obtained from a 2100-
group fundamental mode MC^ flux averaging for the radial reflector 
composition with zero buckling. The fluxes used for all t r averses were 
normalized so that the Na-23 capture rate for the first calculation was 
unity at zero radius in the 7.62-cm t raverse . 

I I 

AL POSITION 
FROM CENTER, cm 

55,88 

i i ^ 

Two react ion-rate curves were also computed for each 
t raverse at 55.88 cm. The calculation of the first reaction rate used cross 
sections averaged for the axial reflector composition with zero buckling. 
The calculation of the second reaction-rate t raverse used cross sections 
averaged for the radial reflector composition. 

The computed reaction rates are compared in Fig. I.A.3 
with the experimental values [see Sect. I.A.2.a.(ii)]. The experimental 

data for no fuel stored in the shield are in
dicated by c rosses , reaction rates obtained 
by core spectrum averaging are indicated 
by dotted curves labeled " 1 , " reaction rates 
obtained by radial reflector spectrum av
eraging are indicated by dotted curves 
labeled "2," and reaction rates obtained by 
axial reflector spectrum averaging are 
indicated by dotted curves labeled " 3 . " 
Thus, type-1 curves are valid close to the 
core center, and types -2 or 3 curves a re 
valid well inside the radial or axial reflec
tors , respectively. 

The calculated Na-23 capture reac
tion rate, shown in Fig. I.A.3, is not strongly 
dependent on the averaging of cross sections. 
The region of greatest disagreement between 
calculated and measured reaction rate is in 
the core, where the calculated reaction rate 
is 15% too high at one point. 
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Fig. I.A.3. Na-23Capture Rate vsRadial 
Position in ZPPR/FTR-2 
Shield Configuration 

The sh ie ld ing ca l cu l a t i ons r e p o r t e d 
above a r e p r e l i m i n a r y and do not take into 
accoun t s e v e r a l f a c t o r s tha t m i g h t affect 

the r e s u l t s c o n s i d e r a b l y . M o r e c o m p l e t e a n a l y s i s of the F T R sh ie ld ing 
e x p e r i m e n t s wi l l be r e p o r t e d . 
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3. Z P R - 6 and - 9 O p e r a t i o n s and A n a l y s i s 

a. Zoned C r i t i c a l E x p e r i m e n t s (L. G. LeSage and J . W- D a u g h t r y 

L a s t R e p o r t e d : A N L - 7 6 3 2 , pp . 7-8 (Oct 1969). 

(i) Z P R - 9 A s s e m b l y 25 E x p e r i m e n t s 

The final loading a r r a n g e m e n t for A s s e m b l y 25 is g iven in 
F i g . I .A.4, P r o g r e s s R e p o r t for S e p t e m b e r 1969 A N L - 7 6 1 8 , p ^ 10^ T h e 
a r r a n g e m e n t s for loading n u m b e r 24, g iven m F i g s . I .A .4 . a and ^ ° J f ^ 
s t a t i o n a r y and m o v e a b l e h a l v e s , a r e c o n s i d e r e d the r e f e r e n c e c o n f i g u r a t i o n 
for A s s e m b l y 25. The n u m b e r 1 nu l l zone w a s i n s t a l l e d a t t h i s t i m e , a s 
w e r e t h e " ss'ion coun te r d r a w e r s and the a x i a l o s c i l l a t o r w h i c h w e r e u s e d 
th roughout the m e a s u r e m e n t s . The c r i t i c a l cond i t ion for t he a r r a n g e m e n t 
was wi th rod 9 w i t h d r a w n 29 c m and a l l o t h e r r o d s a t t h e i r m o s t r e a c t i v e 
pos i t i on . Equ iva l en t c y l i n d r i c a l r a d i i and the a v e r a g e a t o m i c c o n c e n t r a 
t ions for each r e g i o n a r e g iven in T a b l e I .A .6 . 

The nul l a t o m i c c o n c e n t r a t i o n s for e a c h of the t h r e e nu l l 
zones (as d e s c r i b e d in A N L - 7 6 3 2 ) a r e l i s t e d in T a b l e I .A .7 . T h e s e v a l u e s 
w e r e d e r i v e d f rom the s a m p l e - b o x m e a s u r e m e n t s c l o s e s t to n u l l and c o r 
r e c t e d to the exac t nul l us ing the m e a s u r e d w o r t h s of the c o n s t i t u e n t 
m a t e r i a l s . T h e r e a r e s o m e d i f f e r e n c e s b e t w e e n the nu l l c o m p o s i t i o n s 
l i s t e d in Tab le I.A.7 and the a v e r a g e c o m p o s i t i o n s for the nu l l zone l i s t e d 
in Table I .A.6 . T h e r e a r e two p r i m a r y r e a s o n s for the d i f f e r e n c e . The 
z o n e - a v e r a g e d c o m p o s i t i o n s a r e r e d u c e d s o m e by the vo id i n t r o d u c e d w h e n 
the f i s s ion c o u n t e r s a r e i nc luded . In add i t ion , the a v e r a g e w e i g h t of t he 
a l u m i n u m p i e c e s u s e d in the n u l l - z o n e d r a w e r s n e x t to the buf fer w a s 
somewhat l e s s than the weight of the p i e c e s u s e d n e a r t he c e n t e r of t he 
zone and in the nul l s a m p l e . 

Some p r e l i m i n a r y c a l c u l a t i o n s have b e e n c o m p l e t e d , and 
the ca l cu la t ed va lue s of k ^ for the nul l c o m p o s i t i o n s of z o n e s 1 and 2 a r e 
both a p p r o x i m a t e l y 0.94. The c r o s s - s e c t i o n s e t s w e r e d e r i v e d f r o m the 
c u r r e n t E N D F / B tape us ing the MC^ code . E a c h c r o s s - s e c t i o n s e t w a s 
a lso c o r r e c t e d for p la te h e t e r o g e n e i t y u s ing S^^-derived f l u x e s . The c a l c u 
la ted va lues of kcofor the p r e v i o u s nu l l zones have a l s o b e e n too low 
(<1.0), but the d i s c r e p a n c y is l a r g e s t in A s s e m b l y 25 . T h i s i s p r o b a b l y 
due to the l a r g e r f rac t ion of ^^*U in th i s a s s e m b l y , bu t a m o r e c o m p l e t e 
d i s c u s s i o n of the r e s u l t s m u s t wa i t un t i l a l l the i n f o r m a t i o n on t h i s a s s e m 
bly is ava i l ab le . 
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T A B L E I . A . 6 . R e g i o n a l A t o m i c C o n c e n t r a t i o n s i n Z P R - 9 A s s e m b l y 25 

M a t e r i a l 

""u 
235u 

" ' u 

" » U 

F e 

C r 

N i 

A l 

C 

R e g i o n R a d i u s 

( c m ) 

N u l l 
Z o n e 

0 . 0 2 0 3 

2 . 1 4 0 1 

0 . 0 0 9 7 

3 3 . 2 3 4 

6 . 8 3 9 

1.952 

0 . 8 6 4 

1 .649 

-

1 8 . 9 4 

B u f f e r 

-
0 . 0 7 2 6 

-
3 3 . 9 5 9 

6 . 8 3 9 

1.952 

0 . 8 6 4 

6 . 2 5 5 

-

2 5 . 8 7 

A t o m i c C o n e 

D r i v e r 

0 . 0 4 3 8 

4 . 4 7 3 7 

0 . 0 2 1 0 

0 . 2 5 5 

1 2 . 9 0 7 

3 . 6 8 4 

1.631 

-
5 1 . 2 1 8 

3 7 . 9 5 

e n t r a t i o n x 10* 

S t a i n l e s s S t e e l 
R e f l e c t o r 

-
-
-
-

5 6 . 4 7 2 

16 .1 15 

7 . 1 3 6 

-
-

5 5 . 7 9 

D e p 

_______-—-
l e t e d - u r a n i u m 

R e f l e c t o r 

-
0 . 0 8 1 

-
3 9 . 9 3 

4 . 3 3 2 

1 . 1 4 

0 . 5 4 

-
-

7 1 . 8 9 

T A B L E I . A . 7 . N u l l C o n c e n t r a t i o n s f o r Z P R - 9 A s s e m b l y 25^* 

M a t e r i a l Z o n e 1 Z o n e 2 Z o n e 3 

z^^U 0 . 0 2 0 6 0 . 0 2 0 6 

235u 2 . 1 7 3 2 . 1 7 4 0 . 0 5 3 6 

" ' U 0 . 0 0 9 9 0 . 0 0 9 9 

" B y 3 3 . 7 6 5 3 4 . 2 0 8 2 5 . 1 2 7 

" 9 p u . - 1 . 0 7 4 9 

" ° P u - - 0 . 0 5 1 3 

" ' P u - - 0 . 0 0 4 9 

^•"Pu - - 0 . 0 0 0 0 6 

F e 6 . 8 3 9 6 . 8 3 9 8 . 5 3 8 

C r 1.952 1.952 2 . 4 3 7 

N i 0 , 8 6 4 0 . 8 6 4 1 .079 

A l 1.785 1.477 2 . 1 9 7 

F o u r l / 3 2 - i n . e n r i c h e d - u r a n i u m p l a t e s w e r e d i s t r i b u t e d u n i f o r m l y 
in t h e u n i t c e l l in Z o n e 1. I n Z o n e 2 t h e f o u r l / 3 2 - i n . e n r i c h e d 
p l a t e s w e r e b u n c h e d a t t h e c e n t e r of t h e c e l l . Z o n e 3 c o n t a i n e d 
o n e 1 / 8 - i n . Z P R - 3 t y p e p l u t o n i u m - a l u m i n u m a l l o y p l a t e a t t h e 
c e n t e r of e a c h u n i t c e l l . T h e p l a t e a r r a n g e m e n t s in e a c h n u l l 
s a m p l e b o x a r e g i v e n in A N L - 7 6 3 2 . 
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b. Mockup Experiments ( j . W. Daughtry) 

Last Reported: ANL-7655, pp. 10-13 (Dec 1969). 

(i) Initial Critical Loading for FTR-3 . Loading of ZPR-9 
Assembly 26 continued, based on the desired initial configuration for the 
critical system to be used for the FTR-3 experiments. Criticality was 
achieved on January 9. This assembly is the first plutonium-fueled fast-
spectrum reactor to be built at the Illinois Site. The matr ix and drawer-
loading patterns for the assembly were given in ANL-7655. At crit icali ty 
all '°B rods were fully withdrawn, nine of the ten dual-purpose rods were 
fully inserted, and the tenth partially inserted. The cri t ical mass was 
approximately 537.0 kg of ^^'Pu + ^^'Pu, very close to the predicted value 
of 537.4 kg. 

Table I.A.8 lists the atom densities for each region of the 
assembly and for each drawer type, where appropriate. The inner-core 
Type A drawers are in the even-numbered matr ix columns, the Type B 
drawers are in the odd-numbered columns. The locations of the ten B 
rods were given in ANL-7655. In the axial reflector and radial reflector 
the spring gap at the rear of each front drawer has been neglected. This 
gap is 0.630 cm. 

TABLf I.A.a FrR-3 Atom Densities 

Isotope 
or Element 

238pu 

239pu 

2«>PU 

241pu 

2 « P u 

239pu + Z41pu 

240pu , ! « p u 

Pu 

235u 

238u 

U 

Mo 

Na 

C 

0 

Fe 

Cr 

Ni 

IVIn 

Al 

10B 

11B 

B 

Inner Core 
Type A Drawer 

0.«)06 

0.8814 

0.1167 

0.0181 

0.nil9 

0.SW5 

0.1186 

1.0187 

0.0125 

5.7811 

5.7936 

0.2340 

9.1731 

0.0257 

14.4S4 

13.363 

2.7593 

1.3166 

0.2026 

-
-
-

inner Core 
Type B Drawer 

-
L0690 

0.0510 

0.0049 

0.0001 

1,0739 

0.0511 

1.1250 

0.0069 

3.2769 

3.2838 

0.0123 

11.208 

0.0356 

8.7577 

13.234 

3.8193 

18224 

0.2804 

0,1109 

Atom Densities 110^1 

Inner Core 
Avg^ 

0,0003 

0.9784 

0.0827 

0.0113 

0.0010 

0.9897 

0.0837 

1.0737 

0.0096 

4.4864 

4.4960 

0.1194 

10.225 

0.0308 

U.509 

13.296 

3.3073 

L5781 

0.2428 

0.0574 

Outer Core 

O0006 

1.4669 

0.1723 

0.0227 

0.«)22 

L4896 

01745 

L6647 

O0125 

5.9000 

5.9125 

0.4412 

8.7013 

1.0686 

12.717 

15.906 

3.1571 

1.5064 

0.2318 

-
-
-

atoms/cm^) 

Outer Core 
Drawer Next 
to 1"B Rods 

0,0006 

1,4466 

0.1704 

0.0225 

O0022 

14691 

0,1726 

1,6423 

0,0114 

49970 

5.0084 

04338 

6.2784 

10684 

8.0809 

14.124 

3.1204 

1.4889 

0.2291 

-
-
-

Peripheral 
Control Zones 

-
-
-
-
-
-
-
-
-
-

O0105 

4.1257 

14.043 

11.320 

3.2536 

1.5525 

0.2389 

-
10,698 

43.387 

54.085 

Radial 
Reflector 

-
-
-
-
-
-
-
-
-
-

O0078 

6.7544 

01646 

8.4575 

2.432 

48.072 

0.2864 

-
-
-

Axjai 
Reflector 

-
-
-
-
-
-
-
-
-
-
-

0.0079 

9.2102 

0.0231 

8.5898 

2.4614 

38.1013 

0.2789 

-
-

3140 Type A drawers and 150 Type B drawers. 
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The vo lume of the i n n e r - c o r e r e g i o n is 406 .3 l i t e r s , an 
the ou te r co r e r eg ion , inc luding the ' " B r o d d r a w e r s , is 638.9 l i t e r s , g i v m g 
a to ta l co r e vo lume of 1045.2 l i t e r s . 

After r e a c h i n g c r i t i c a l i t y wi th A s s e m b l y 26, o p e r a t i o n s 
w e r e suspended t e m p o r a r i l y in o r d e r to m a k e a n u m b e r of m o d i f i c a t i o n s to 
the fac i l i ty for o p e r a t i o n wi th p lu ton ium fuel. A p p r o x i m a t e l y 2750 kg of 
n icke l w e r e r e m o v e d f rom the r a d i a l r e f l e c t o r of A s s e m b l y 26, to p r o v i d e 
n icke l for an E B R - I I c r i t i c a l e x p e r i m e n t to be done on Z P R - 3 . In o r d e r 
to m a i n t a i n the p r e s e n t co r e conf igura t ion , the n i c k e l t ha t w a s r e m o v e d 
will be r e p l a c e d with s t a i n l e s s s t e e l . Some add i t i ona l d r a w e r s c o n t a i n i n g 
s t a i n l e s s s t ee l and sod ium wil l be added a t the r a d i a l b o u n d a r y to m a k e up 
for the r e a c t i v i t y los t due to the r e p l a c e m e n t of n i c k e l w i th s t a i n l e s s s t e e l 
and to prov ide some add i t iona l e x c e s s r e a c t i v i t y . The n e w r a d i u s to b e 
used for the ou te r bounda ry of the n i c k e l - s o d i u m r a d i a l r e f l e c t o r i s 
85.4 c m . The outer r a d i u s of the s t a i n l e s s s t e e l - s o d i u m r e g i o n , d e s i g n a t e d 
as the r a d i a l shield , wil l be 97.4 c m . 

4. Z P R - 3 and Z P P R O p e r a t i o n s and A n a l y s i s 

a. Support for Routine O p e r a t i o n of the C r i t i c a l F a c i l i t i e s 
(p . I. Amundson and R. G. Ma t lock ) 

L a s t Repor ted : A N L - 7 6 5 5 , pp . 13-14 (Dec 1969). 

An ex tens ive s e r i e s of Z P P R s h u t d o w n - m a i n t e n a n c e p r o j e c t s 
have been comple ted p r e p a r a t o r y to the A s s e m b l y 2 c r i t i c a l e x p e r i m e n t s . 

Successful i n - p l a c e t e s t s of the a i r - h a n d l i n g e q u i p m e n t to be 
used in the s a n d - g r a v e l roof f i l te r m e a s u r e m e n t s have b e e n p e r f o r m e d . 

b . Clean C r i t i c a l E x p e r i m e n t s (P. I. A m u n d s o n ) 

L a s t Repor ted : A N L - 7 6 5 5 , pp . 15-17 (Dec 1969). 

(i) Z P R - 3 A s s e m b l i e s 58 and 59. The f inal e x p e r i m e n t s w i t h 
A s s e m b l y 58 have been ana lyzed , and t hose wi th A s s e m b l y 59 have b e e n 
comple ted . The unloading of the l a t t e r h a s c o m m e n c e d . 

The r a d i a l p e r t u r b a t i o n t r a v e r s e s in A s s e m b l y 58 w i t h a 
P u - 2 3 9 annulus and a U-238 cy l inde r have b e e n a n a l y z e d . The r e s u l t s w e r e 
c o r r e c t e d for the r e a c t i v i t y of the t r a v e r s e r o d and of the s t e e l in the 
P u - 2 3 9 annulus , us ing the v a l u e s f r o m t r a v e r s e s wi th an e m p t y c a r r i e r and 
a s tee l s a m p l e . These c o r r e c t e d r e s u l t s a r e shown in T a b l e I ,A .9 . U r a n i u m 
blocks with a 0 .625 - in . -d i a hole w e r e u s e d in the r a d i a l r e f l e c t o i . 
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TABLE I.A.9. Radial Perturbation Traverses 
for ZPR-3 Assembly 58 

Sample Worths (Ih) 

Matrix Position 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

19 
18 
17 
16 
15/16 
15 

14/15 
14 

13/14 
13 
12/13 
12 
11/12 
11 
10 
9 

Pu-2 39 Annulus, 
0.010 i 

2.797 
3.509 
4.020 
4.216 
4.130 
3.981 
3.747 
3.482 
3.115 
2.758 
2.403 
2.111 
1.715 
1.244 
0.463 
0.171 

in 

+ 

1+
 

+ 
+ 

1+
 

+ 
+ 
+ 
4-

+ 
+ 
+ 
+ 

1+
 

+ 
1+

 

. thick 

0.019 
0.017 
0.016 
0.012 
0.015 
0.015 
0.019 
0.019 
0.020 
0.015 
0.014 
0.016 
0.016 
0.015 
0.009 
0.010 

U-2 38 Cylinder, 
0.2 in, diameter 

-0,452 ± 0.044 
-0.967 ± 0.019 
- 1.270 ± 0.014 
-1.384 + 0.013 
-1.373 ± 0.019 
-1.304 ± 0.015 
-1.156 ± 0.020 
-0.959 + 0.017 
-0.733 ± 0.017 
-0.489 ± 0.017 
-0.195 ± 0.014 
+0.129 + 0.017 
+0.342 + 0.015 
+0.348 ± 0.016 
+0.090 ± 0.021 
+0.040 ± 0.010 

Note: (a) E r r o r s from spread of inhour determinations only, 
not including uncertainty in autorod calibration, 

(b) Sample details are given in Table I.A. 10. 

TABLE I.A.10. Central Perturbation Worths for ZPR-3 Assembly 58 

Sample Ih Mass (g) Ih/kg 

Pu-239 annulus, 
0.010 in. 

Pu-239 annulus, 
0.007 in. 

U-235 annulus, 
0.010 in. 

U-235 annulus, 
0.005 in. 

U-235 annulus, 
0.003 in. 

U-238 cylinder, 
0.42 in. diameter 

U-238 cylinder, 
0.2 in. diameter 

U-238 cylinder 
0.1 in. diameter 

B-10 cylinder, 
0.06 in. diameter 

Notes: 
a) E r r o r s only from spread of inhour determinations. Not included are e r r o r s in 

sample masses and determination of autorod worth. 
b) Compositions of samples 

Pu-239; 98.78 wt % Pu; 95.05 wt % Pu-239; 4.50 wt % Pu-240; 0.45 wt% Pu-241 
U-235; 0.010-in. annulus; 93.20 wt % U-235; others 93.10 wt % U-235 
U-238: 0.21 wt % U-235 
B-10; 92.8 wt % boron; 92.1 wt % B-10 in boron 

c) All samples are 2 in. long. The annuli have OD's a little smal ler than 0.40 in. 

4.204 

2.380 

4.037 

2.009 

1.289 

4.703 

1.413 

0.433 

3.923 

+ 

1+
 

+ 

+1 

+ 

+ 

+1 

0.008 

0.008 

0.011 

0.004 

0.008 

0.009 

0.011 

0.010 

0.011 

4.801 

2.761 

7.128 

3.638 

2.327 

85,76 

19,63 

4.908 

0.0988 

875.7 

862.0 

566.4 

552.4 

554,0 

-54.8 

-72.0 

-88.3 

-39710 

± 1.7 

± 2.9 

± 1.6 

± 1.1 

± 3.4 

± 0.1 

± 0.5 

± 2.0 

± 110 
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Central perturbation measurements were made with nin^ 
samples in the same environment. The manual oscil lator which allows 
the sample and dummy to be changed in the control room without shutting 
down the reactor was utilized. After the worth of the empty rod had been 
determined, the various samples were compared with holders and dummies 
where applicable. Trials showed that the experimental resul ts were most 
reliable with a quick change (~Z sec) between sample and dummy positions, 
and then a 100-sec wait before starting the 100-sec averaging of the auto
rod position. These results of the sample reactivit ies are gj^en m 
Table I A 10. The usual small increase of Ih/kg with mass for the Pu-239 
and U-235 annuli and a large decrease in Ih/kg with mass for the depleted 
uranium cylinders can be seen. Agreement is found for the central resul ts 
of the two samples used in the radial t raverses which is encouraging but 
expected as the same environment was used for both exper iments . 

In Assembly 59, the autorod in position 0-22 consisted of 
the polyethylene wedge with a l /4- in . column of boral on the core side. 
Its total worth was found by inverse kinetics to be 19.41 Ih. The differential 
worth was determined as before. A quadratic fit was appropriate . Central 
fission ratios were measured using the thin-walled spherical counters in 
the standard manner. The results are given in Table I.A. 11, where it will 
be noted that the e r rors have been increased to include the extra uncer
tainty introduced by the U-235 fissions in the U-2 34, U-2 36, and U-2 38 foils. 
The special drawer loading to accommodate a counter is seen in Fig. I.A.5. 

TABLE I.A.I 1. Central Fission Ratios for ZPR-3 Assembly 59 

U-233 
U-234 
U-236 

Ratio to U-235 

1.466 
0.183 
0.068 

E r r o r (%) 

1.0 

2 .0 
1.7 

U-238 
Pu-239 
Pu-240 

Ratio to U-235 

0.0325 
0.942 
0.207 

E r r o r (%) 

1.8 

1.0 

1.0 

Note; E r r o r a r i ses mostly from uncer ta in ty in t h e r m a l ca l i b r a t i on of fo i l s . 
(Assumed e r r o r was ~ 1 % for all foils except U-238, for which the e r r o r 
was ~1.5%.) The e r r o r s in some of the f ission r a t i o s a r e h igher to allow 
for the significant fraction of f ission in the U-235 in the fo i l s . 

0" 2" 5" |6" 

c 
C. 
C 
C 

Po METAL 
c. 

C 
Cl HIGH 
Cl HIGH 
1 C 

C 
c 1 

Pll META! 
C 
C 
c 

Ii" 1 

LEAD WITH 
1 HOLE 

Fig. I.A.5 

Core Drawer for Back- to -back 

Fission Counter in Half l of 

ZPR-3 Assembly 59 
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Axial and r a d i a l t r a v e r s e s of P u - 2 3 9 and U-238 f i s s i on 
r a t e s w e r e m a d e in A s s e m b l y 59. The f ront 2 in. of the c o r e d r a w e r s 
w e r e r e a r r a n g e d for the r a d i a l t r a v e r s e a s in A s s e m b l y 58. The c o r e 
d r a w e r in p o s i t i o n P - 16 in bo th ha lves w e r e a r r a n g e d a s in F i g . I .A.6 for 
the ax ia l t r a v e r s e s . In bo th i n s t a n c e s s p e c i a l l e ad b l o c k s wi th a su i t ab l e 
0 . 6 2 5 - i n . - d i a hole w e r e u s e d . The r e s u l t s of the four t r a v e r s e s a r e shown 
in T a b l e s I .A.12 and I .A .13 . The P u - 2 3 9 r e a c t i o n r a t e at P 2 0 / 2 1 , the 
r a d i a l c o r e - r e f l e c t o r i n t e r f a c e , is s ign i f ican t ly h ighe r than a t the s y m 
m e t r i c p o s i t i o n P l l / l 2 . The t r e n d cont inued into the r e f l e c t o r and was 
shown to be c a u s e d by the a u t o r o d a t pos i t ion 0 - 2 2 . In the r e f l e c t o r the 
r e a c t i o n r a t e w a s a function of the a u t o r o d pos i t i on . As in A s s e m b l y 58, 
the fine s t r u c t u r e is s e e n be tween the r e s u l t s a t the c o r e - d r a w e r c e n t e r s 
and d r a w e r i n t e r f a c e s . As expec ted , no such fine s t r u c t u r e is s e e n in the 
ax ia l t r a v e r s e s . 

Fig. I.A.6 

Drawer Loading in Half 1 for Axial 
Traverse in ZPR-3 Assembly 59 

FRONT VIEW 0 " - l l " 

TABLE I.A.12. Axial Fission-rate Distributions for ZPR-3 Assembly 59 

Distance from 
Centerline (in.) 

-10.06 

-9.06 

-8.06 

-7.06 

-6.06 

-5.06 

-4.06 

-3.06 

-2.06 

-1,03 

0 

+1.00 

+2.00 

+3.00 

+4.00 

+5.0O 

Pu-239 

Rel Count 

0.6332 

0.6695 

0.7257 

0.7871 

0.8443 

0.8916 

0,9379 

0,9666 

09813 

0,9990 

1,0000 

1,0000 

0,9962 

0,9757 

0,9420 

0,9104 

Error 1%) 

0.6 

0.6 

0.6 

0.5 

0.5 

05 

05 

0.5 

0.5 

05 

-
0.5 

0.5 

0.5 

0.5 

0.5 

U-238 

Rel Count 

0.4119 

0.5502 

0.6519 

0.7364 

0.7987 

08734 

0.9111 

0.9570 

0.9781 

0.9837 

1.0000 

0.9954 

09773 

0,9590 

0,9288 

0,8799 

Error l%l 

07 

0,6 

0.6 

0.5 

05 

05 

0.5 

0.5 

0.5 

0.5 

-
05 

05 

0.5 

0.5 

0.5 

Distance from 
Centeriine (in,) 

+6,00 

+7,00 

+8,00 

+9,00 

+1000 

+11,00 

+ 12,00 

+ 13,00 

+1400 

+15,00 

+16,00 

+ 1700 

+ 18,00 

+ 19,00 

+20,00 

+21,00 

Pu-239 

Rel Count 

0,8598 

08127 

0,7452 

06804 

06517 

0,6272 

0.5820 

05333 

04883 

0.4431 

0.4004 

03569 

03127 

0.2678 

02273 

01849 

Error (%) 

05 

05 

05 

0.6 

06 

06 

0.6 

06 

06 

07 

0.7 

08 

08 

0,9 

09 

1,0 

U-238 

Rel Count 

08197 

0,7598 

0,6797 

05789 

0,4421 

0.3124 

0.2272 

01691 

0.1271 

0.1008 

0,0755 

0,0576 

O0443 

O0334 

0,0254 

O0184 

Error (%) 

0.5 

05 

05 

0.6 

07 

0.8 

0.9 

0.7 

0.8 

0.9 

0.8 

09 

1.0 

1.2 

1,3 

1,5 

Note; Centerline is 1,03 in, from the interface in Haif 1, Positive numbers are in Half 1, 
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TABLE I.A,13. Radial Reaction-rate Distributions for ZPR-3 Assembly 59 

Position 

P 20/21 

P 20 

P 19/20 

P 19 

P 18/19 

P 18 

P 17/18 

P 17 

P 16/17 

P 16 

P 15/16 

P 15 

P 14/15 

Pu-239 

Rel Count E 

06431 

06432 

O7309 

07728 

08568 

08885 

09592 

0,9733 

1.0096 

1.0000 

1,0199 

0,9786 

0.9620 

ror (*) 

05 

05 

05 

05 

05 

04 

04 

0.4 

0,4 

-
0,4 

04 

0,4 

U-238 

Rel Count 

-
05292 

06119 

07245 

0,7856 

0,8760 

0,9003 

0,9651 

0,9690 

1,0000 

09657 

09733 

09095 

Error (%) 

-
06 

06 

0,5 

0,5 

05 

04 

04 

04 

-
0.4 

0.4 

0.4 

Position 

P 14 

P 13/14 

P 13 

P 12/13 

P 12 

P i i ; i 2 

P 11 

P 10 

P 9 

P 8 

P 7 

P 6 

Pu-239 

Rel Count 

0.9046 

0,8680 

0.7806 

0.7319 

06474 

0.6113 

0.5769 

0.4736 

0,3799 

O2908 

O2069 

01266 

Error (%) 

0,4 

05 

05 

0,5 

05 

05 

05 

0.6 

0.7 

0.8 

0.9 

1.2 

U-23! 

Rei Count 

0.8764 

O7940 

0.7290 

06175 

0.5344 

03818 

02633 

0.1359 

0.0739 

0.0421 

0.0229 

0.0125 

Error ( « 

05 

05 

05 

05 

0.6 

0.7 

0.8 

1.1 

l.I 

1.2 

1.4 

1.6 

Other measurements for which the analysis still has to be 
completed are: 

(a) radial and axial perturbation t r ave r se s with a Pu-239 
annulus, and with a Cf-252 source at two power levels; 

(b) central perturbation measurements with several 
samples in two environments; 

(c) central substitution reactivity measurements ; 

(d) Doppler coefficient for a large, natural UO2 sample; 

(e) noise analysis for Pgff. 

(ii) ZPPR Assembly 2. The predicted cri t ical configuration 
for ZPPR Assembly 2 is a 2600-liter core with a mass of 1250 kg total 
plutonium. Due to material-inventory res t r ic t ions , a sodium-steel axial 
reflector could not be built in both halves, but the chosen configuration, 
with a sodium-steel axial reflector in the fixed half, will allow t r ave r se s 
to be made through this region. The core half-height is 18 in., with a 
resulting ratio of length to diameter of 0.48. The central zone, which 
represents one-half of the total core volume, consists of a single drawer 
cell, as shown in Fig. I.A.7. The two-drawer cell used in the outer zone, 
as well as the axial and radial blanket configurations, are also shown in 
Fig. I.A.7. The radial reflector and the axial reflector on Half 2 will be 
composed of 2 x 2-in. mild steel block of various lengths. Significant 
predicted reactor parameters are summarized in Table I.A. 14. 
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Fig. I.A.7 

ZPPR Assembly 2 Drawer 
Configuration 

304 SS or Fe^Os 

' W W s FejOa . 1/8" 

DEPLETED U - 1/8" 

TABLE I.A.14. Predicted Core Pa rame te r s for ZPPR Assembly 2 

I I . 

III. 

TV. 

Volume 
Mass of Plutonium 

Configuration 
Height 
Radii--Zone 1 

Zone Z 
Blanket 

L / D Ratio 
Zone-1 vol/Zone-2 vol 

Zone Compositions 
Vol % 

Fuel (Oxide Equivalent) 
Sodium 
Steel 
Void 

Physics P a r a m e t e r s 

Peff 
ir. 
Ih/% Ak 
Enrichment Ratio, 

Zone 2/Zone 1 
u/Pu 

Zone 1 
Zone 2 

2600 Z 
1250 kg 

18 in. 
26.5 in. 
37.5 in. 
52.5 in. 
0.48 
1.0 

Zone 1 

31.6 
40.1 
17.7 
10.6 

0.003172 
4.95 X 10 
1026.8 

1.47 

5,7/1 
3.5/1 

32.1 
40.1 
20.7 

7.1 
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B. Componen t D e v e l o p m e n t - - L M F B R 

1. I n s t r u m e n t a t i o n and Con t ro l 

a. F F T F I n s t r u m e n t a t i o n (R. A. J a r o s s ) 

(i) I n - C o r e F l o w m e t e r (T. P . M u l c a h e y ) 

L a s t Repor t ed : A N L - 7 6 5 5 , pp. 4 3 - 4 5 (Dec 1969). 

(a) T e s t s of Model P r o b e - t y p e E d d y - c u r r e n t F l o w s e n s o r s 

(J. B r e w e r ) 

P r o b e No. 9 con t inues to show good r e p r o d u c i b i l i t y and 
s tabi l i ty after app rox ima te ly 2 mon ths of i n t e r m i t t e n t s e r v i c e in the C o m 
ponents and M a t e r i a l s Eva lua t ion Loop (CAMEL) b e t w e e n 7 0 0 - 1 2 0 0 ° F . 
Stabi l i ty and sens i t iv i ty t e s t s have been p e r f o r m e d in an oven wi th s e v e r a l 
new p r o b e s : Nos . 7-4, X - 9 , 2X-9 , 2 X - 3 , 3 X - 3 , and 2 X - 4 . 

P r o b e No. 7-4 u t i l i z e s the P r o b e No . 7 bobbin , but h a s 
been g r i t - b l a s t e d with #60 gr i t , then p l a s m a - s p r a y e d wi th a l u m i n a 4 - 8 m i l s 
thick to prov ide e l e c t r i c a l insu la t ion be tween bobbin and c o i l s . T h e t h r e e 
coils w e r e wet-wound with c e r a m i c - c o a t e d n i c k e l - c l a d s i l v e r w i r e and 
" c e r a m a b o n d " cemen t . This p r o b e exh ib i t ed a s e n s i t i v i t y of 0.81 m V r m s / 
f t - sec in the osc i l l a t ing r ig with a d r i v e c u r r e n t of 600 m A r m s and 500 Hz. 
With the same c u r r e n t in the oven, it exh ib i ted l e s s than 0 . 0 1 - m V d e v i a t i o n 
of unbalance s ignal f rom 700 to 1300°F. 

P r o b e s X-9 and 2X-9 u t i l i z e an I n c o n e l - 6 2 5 bobbin . 
Oven t e s t s have shown no m a g n e t i c effects f r o m 80 to 1100°F . The bobbin 
is being wound with c e r a m i c - c o a t e d n i c k e l - c l a d s i l v e r w i r e for t e s t s a t 
higher t e m p e r a t u r e . Incone l -625 is m u c h h a r d e r to m a c h i n e than Incone l -600 . 

P r o b e 2X-3 u t i l i z e s the X - 3 bobbin ( Incone l -600 ) tha t 
has been heated to 1800°F, then w a t e r - q u e n c h e d . T h i s t r e a t m e n t c a u s e d the 
magnet ic effects to be much m o r e p r o m i n e n t . The c o i l s w e r e r e m o v e d , the 
bobbin was pickled to r e m o v e a thin oxide l a y e r , the co i l s w e r e r e w o u n d , and 
then the unit was des igna ted as P r o b e 3 X - 3 . The oven t e s t up to 700°F 
showed no magne t i c effects , but one s e c o n d a r y coi l w a s s h o r t e d to the bobbin 
and balance was e r r a t i c , so th is p r o b e had to be r e w o u n d . T h i s p r o b e h a s 
been wet-wound with AWG-26 heavy F o r m v a r c o p p e r w i r e and " c e r a m a b o n d " 
cement in p r e p a r a t i o n for f u r t h e r t e s t s . 

P r o b e 2 X - 4 u t i l i z e s the X - 4 bobbin ( Incone l -600 ) , and 
has been wet-wound with AWG-24 h e a v y F o r m v a r c o p p e r w i r e and " c e r a m a 
bond" cemen t . Oven t e s t s a r e be ing p e r f o r m e d on th i s p r o b e . 
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To d a t e . P r o b e 7-4 has shown the g r e a t e s t s t ab i l i t y in 
oven t e s t s . 

I n c o n e l - 6 0 0 with spec ia l t r e a t m e n t should be i n v e s t i 
ga ted f u r t h e r b e c a u s e it is so m u c h e a s i e r to m a c h i n e than I n c o n e l - 6 2 5 . 

(b) P r e p a r a t i o n of P r o t o t y p e P r o b e - t y p e F l o w s e n s o r s 
( F . V e r b e r ) 

The spec i f ica t ion for p r o c u r e m e n t of a T y p e - A flow-
s e n s o r fronn a c o m m e r c i a l s o u r c e for t e s t s in the C A M E L loop was 
c o m p l e t e d , and s u b m i t t e d to i n t e r e s t e d p a r t i e s for r e v i e w and c o m m e n t . 
The spec i f i ca t ion p a c k a g e c o n s i s t s of T e c h n i c a l Spec i f ica t ion A N L - H T I -
L M F B R - 5 5 1 - G [Gene ra l Des ign and P e r f o r m a n c e Spec i f ica t ion for an 
I n - c o r e , Solid Conf igura t ion , P e r m a n e n t Magnet , P r o b e - t y p e F l o w s e n s o r 
(November 1969)], a p r e r e q u i s i t i o n w r i t e - u p , l i s t of p r o s p e c t i v e s u p p l i e r s , 
des ign d r a w i n g s , funct ional r e q u i r e m e n t s of f l owsenso r , e n v i r o n m e n t a l 
condi t ion of f l o w s e n s o r , F F T F T y p e - A p e r m a n e n t m a g n e t f l o w s e n s o r 
a s s e i n b l y p r o c e d u r e , and qual i ty a s s u r a n c e approva l t abu la t ion . 

(ii) Gas D i s e n g a g e m e n t for F a i l e d - f u e l Mon i to r ing (E. Sowa) 

(a) T e s t s of Gas D i s e n g a g e m e n t 

L a s t Repor t ed ; ANL-7606 , p . 38 (Aug 1969). 

E x p e r i m e n t s w e r e p e r f o r m e d to eva lua te the F a i l e d -
E l e m e n t De tec t ion and Loca t ion (FEDAL) m o d u l e . T h e s e e x p e r i m e n t s w e r e 
conduc ted wi th ~ 100-/LiCi in jec t ions of k r y p t o n - 8 5 gas into flowing s o d i u m 
whi le the ac t iv i ty l eve l s in the modu le and s u r g e tank w e r e m o n i t o r e d . 

The l i s t of e x p e r i m e n t s is shown in T a b l e I . B . I . The 
r e s u l t s of the e x p e r i m e n t s w e r e m i x e d . In g e n e r a l , an in i t ia l r i s e in a c t i v i t y 
was e n c o u n t e r e d within ~45 sec af ter in jec t ion . F r e q u e n t l y , the ac t iv i ty 
a p p e a r e d as a r ap id r i s e to peak followed by a g r adua l d e c r e a s e . T h i s 
i n d i c a t e s that d i s e n g a g e d gas is t r a n s f e r r e d r ap id ly in the p r o c e s s . Sub
sequen t ly , d u r i n g gas r e c i r c u l a t i o n , the gas is d i lu ted , so the m e a s u r e d 
ac t iv i ty level is l o w e r e d g r adua l l y . The g a s - c i r c u l a t i o n r a t e does not 
g r e a t l y affect the r e s p o n s e t i m e . Some d e c r e a s e in the t i m e r e q u i r e d for 

TABLE i,B,l. FEOAL Moduie Experiments Performed in the Failed-Fuel Detection Loop (FFDLI 

Sodium Temp Sodium Fiowrale Gas-circulation 
Expt No. CFl (ft/sec) Rate (ft ' /min) 

20 
21 
22 
23 

500 
500 
500 
500 

0.77 
2,0 
4.2 
5.0 

Sodium Temp Sodium Fiowrate Gas-circuiation 
Expt No. ("Fl (ft/sec) Rate (f t ' /min) 

24 
25 
26 
27 

500 
500 

40 
4.0 
40 
2,0-0 
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detect ion of the in i t ia l p e a k was o b s e r v e d wi th f a s t e r gas flow, but the 
d e c r e a s e was not v e r y s ign i f ican t . M o r e i m p o r t a n t l y , in the m a j o r i t y o 
the e x p e r i m e n t s , the in i t i a l p e a k did not show q u a n t i t a t i v e r e c o v e r y of the 
injected gas , F r e q u e n t l y , a f ter the in i t i a l p e a k w a s r e c o r d e d and the a c U v U ^ 
diluted to its e q u i l i b r i u m leve l , a f u r t h e r a c t i v i t y r i s e would o c c u r a f t e r tne 
sodium flow was s topped. Subsequen t ly , r e s t a r t of the s o d i u m p u m p p r o 
duced a second peak, which then r e s u l t e d in quan t i t a t i ve r e c o v e r y of the g a s . 

The i m p l i c a t i o n s of t h e s e r e s u l t s a r e tha t the g a s i s 
effectively d i sengaged by the c a s c a d e but i s p a r t i a l l y t r a p p e d in the l o w e r 
por t ion of the m o d u l e . R e s t a r t of the s o d i u m p u m p f o r c e s the gas u p w a r d 
by a p i s ton- l ike c o m p r e s s i o n tha t s e r v e s to in jec t the a c t i v e gas into t he 
r ec i r cu l a t i ng gas . 

The r e s u l t s of the 500°F t e s t s w e r e c o n f i r m e d by the 
t e s t at 800°F, In addit ion, the ac t iv i ty l e v e l s m e a s u r e d a t the s u r g e t a n k 
were always equal to background . Th i s shows tha t al l the s e p a r a t i o n took 
place in the module and that none of the gas is c a r r i e d d o w n s t r e a m wi th the 
sodium. 

At 1100°F, the e x p e r i m e n t was s t a r t e d wi th the g a s -
c i rcula t ion r a t e se t at 2.0 f t^ /min . H o w e v e r , p lugging was e n c o u n t e r e d v e r y 
quickly, so the f lowrate d ropped to z e r o . B e c a u s e of t h i s , q u a n t i t a t i v e gas 
r e c o v e r y was not p o s s i b l e . After the loop was cooled to r o o m t e m p e r a t u r e 
and the gas s y s t e m was d i s m a n t l e d for e x a m i n a t i o n , it w a s found t h a t the 
plug was caused by a e r o s o l depos i t i on of s o d i u m d r o p l e t s on the u p s t r e a m 
glass-wool f i l t e r . The n a t u r e of the depos i t i on was a p p a r e n t by i t s p y r o -
phor ic i ty . The u p s t r e a m f i l t e r i s a n e c e s s a r y c o m p o n e n t b e c a u s e t he fine 
Na20 powder that is c a r r i e d with the c i r c u l a t i n g gas t ends to foul the c i r c u 
lation pumps . 

S e v e r a l t e n t a t i v e c o n c l u s i o n s can be d r a w n f r o m t h e s e 
r e s u l t s . The f i r s t i s that a low r a t e of gas c i r c u l a t i o n (in the v i c i n i t y of 
1.0 f t / m i n ) is p r e f e r a b l e b e c a u s e it r e d u c e s the p o s s i b i l i t y of p lugg ing , 
and the r e s p o n s e t i m e is not g r e a t l y af fec ted . The s e c o n d c o n c l u s i o n is the 
need for a be t t e r conf igura t ion for gas c i r c u l a t i o n , p o s s i b l y i m p i n g e m e n t 
of gas upon the sod ium s u r f a c e so tha t e n t r a i n m e n t of the a c t i v e gas i s 
m o r e effective. F ina l ly , a l onge r and m o r e ef f ic ient v a p o r t r a p is n e e d e d 
in the r e t u r n gas l ine to r e d u c e the c a r r y o v e r or f o r m a t i o n of the s o d i u m 
aeroso l . 

The loop h a s been f rozen and the gas s y s t e m h a s b e e n 
recondi t ioned. "When o p e r a t i o n s a r e r e s u m e d , f u r t h e r e x p e r i m e n t s wi l l be 
pe r fo rmed at 1100°F. 
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2. Fuel Handling, Vessels and Internals 

a. Core Component Test Loop (CCTL) (R. A. J a ross ) 

Last Reported; ANL-7655, p. 48 (Dec 1969). 

(i) Loop Modifications to Accomimodate Second F F T F 
Subassembly. Installation of the pump bypass piping and 4-in. flowtube 
has been completed. Mechanical modification of the plugging loop has been 
completed, but electrical work continues. The inlet and outlet sodium piping 
for a vacuum-distillation sampler and mater ia ls-survei l lance facility has 
been completed. The high-temperature dry test of the gate-valve a i r - lock 
assembly has been completed at an ambient isothermal temperature of 575°F. 

ANL calibration of the four fuel-assembly p r e s su re t r an s 
ducers (Taylor) has been successfully concluded, with confirmation of the 
factory-calibration curves. 

The test of the l /2 - in . Nupro prototype valve has been 
successfully completed with 500 cycles of operation at 125-150 psig and 
1060°F; 200 additional cycles were completed at 1200°F with no failure of 
the prototype valve. This type of valve will be used in the new, modified 
sodium-sample and plugging-meter loop. 

Sodium testing is in p rogress . 

A f i re-re tardant insulation has been sprayed on the bottom 
of the sheet-metal decking over the CCTL^pit, and high-temperature tem
pered glass has been installed in the CCTL elevator enclosure. 

C. Sodium Technology 

1. Sodium Chemistry 

The basic work on sodium chemistry is directed toward the develop
ment of a sound scientific foundation for understanding the behavior of 
common nonmetallic contaminants in sodium, for interpreting and evaluating 
existing corrosion data, and for predicting potential corrosion problems in 
sodium sys tems . 

a. Studies of Carbon Transport in Sodium-Steel Systems 
(K. Natesan, J. Y. N. Wang, and T. F . Kassner) 

Last Reported; ANL-7632, pp. 35-37 (Oct 1969). 

(i) Fe -Cr -Ni Alloys. The information on carbon t ranspor t 
in sodium-steel systems presented in ANL-7632 was based, in part , on 
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e s t i m a t e s of c a r b o n ac t iv i ty in F e - C r - N i a l l o y s . * E s t i m a t i o n w a s n e c e s s a r y 
because e x p e r i m e n t a l da ta for t h e s e a l l oys a r e s c a r c e in the t e m p e r a t u r e 
range of i n t e r e s t , 500 to 800°C. To i n c r e a s e the r e l i a b i l i t y of the c o m p u t e d 
data on ca rbon t r a n s p o r t , m e a s u r e m e n t of a wide r a n g e of c a r b o n a c t i v i t i e s 
in F e - C r - 8 wt % Ni a l l o y s , * * wi th c h r o m i u m con ten t s r a n g i n g f r o m 0 to 
22 wt %, has been u n d e r t a k e n . The e x p e r i m e n t s involve e q u i l i b r a t i o n of the 
F e - C r - N i al loys with c a r b u r i z e d F e - N i a l l oys w h o s e c a r b o n a c t i v i t i e s a r e 
known or a r e being d e t e r m i n e d . 

A n u m b e r of 1 0 - m i l foi ls of F e - 8 wt % Ni w e r e c a r b u r i z e d 
at 1000°C by exposu re to hyd rogen gas bubbled t h r o u g h a m i x t u r e of 1 p a r t 
benzene to 50 p a r t s d ipen tene . The c a r b u r i z e d foi ls a r e now be ing e q u i l i 
b ra ted with va r ious F e - C r - 8 wt % Ni foi ls at t e m p e r a t u r e s of 600, 655, 725, 
800 and 900''C in Vycor c a p s u l e s u n d e r p a r t i a l v a c u u m . Af t e r e q u i l i b r i u m 
has been reached , the a l loys wil l be w a t e r - q u e n c h e d and a n a l y z e d for c a r b o n . 
Fo r some of the F e - C r - 8 wt % Ni a l l o y s , the c a r b o n a c t i v i t i e s wi l l be o b 
tained f rom the F e - N i a l loys having c a r b o n a c t i v i t i e s in the a l r e a d y e s t a b 
l ished range of 0.4 to l''' (with g r a p h i t e as the s t a n d a r d s t a t e ) . F o r the 
exper imen t s with lower c a r b o n a c t i v i t i e s - - t h e r a n g e 0.01 to 0.1 is of 
i n t e r e s t for the s tudies of c a r b o n t r a n s p o r t in s o d i u m - s t e e l s y s t e m s - - t h e 
carbon ac t iv i t ies of the F e - N i a l loys is be ing d e t e r m i n e d as fo l lows . 

High-pur i ty i r on w i r e s , bo th 6 5 - and 1 8 - m i l d i a m e t e r , a r e 
being equi l ibra ted with F e - N i a l loys of d i f f e ren t c a r b o n c o n t e n t s a t 700°C 
in quar tz c a p s u l e s . The total c a r b o n c o n c e n t r a t i o n s u s e d in t he v a r i o u s 
capsu les were ca lcu la ted to yie ld c a r b o n a c t i v i t i e s in the r a n g e f r o m 0.01 
to 0.5, After the equi l ib ra t ion , the c a p s u l e s wi l l be q u e n c h e d in b r i n e s o l u 
tion. The 65 -mi l i ron w i r e s and the F e - N i a l loys wi l l be a n a l y z e d for c a r b o n 
by the combust ion method, and the r e s u l t s wi l l be u s e d to d e r i v e a c t i v i t y -
v e r s u s - c o n c e n t r a t i o n plots for the F e - N i a l l o y s . In add i t ion , t he c o m b u s t i o n 
ana lyses of the 6 5 - m i l w i r e s , in conjunct ion wi th m e a s u r e m e n t s of the i n 
t e rna l fr ict ion of the 18 -mi l w i r e s , wil l be u s e d to c a l i b r a t e the i n t e r n a l -
fr ict ion method of de t e rmin ing c a r b o n c o n c e n t r a t i o n s . 

E x p e r i m e n t a l ev idence p e r t a i n i n g to the c a l c u l a t e d 
equ i l ib r ium re la t ionsh ip* be tween the to ta l c a r b o n con ten t of T y p e 304 
s t a in les s s tee l and the c a r b o n c o n c e n t r a t i o n in s o d i u m i s a l s o be ing o b 
tained. Fo i l s of h igh -pu r i t y i ron , F e - 8 wt % Ni , F e - 1 6 wt % Ni , and Type 304 
s t a in les s s tee l w e r e exposed to flowing s o d i u m at t e m p e r a t u r e s of 600 and 
700 C for one month . The flow r a t e of s o d i u m in the m o l y b d e n u m t e s t s e c 
tion was 0.6 gpm; the oxygen in sod ium, a n a l y z e d by v a c u u m d i s t i l l a t i o n , 

* 
Natesan, K., and Kassner, T. F., Calculations of the Thermodynamic DrivinR Force for Carbon Transport 
in Sodium-Steel Systems, ANL-7646 (Dec 1969). ' 
Supplied by Armco Steel Research Lab,, Middletown, Ohio. 

"•"Heckler, A. J., and Winchell, P. G., Trans. Met. Soc. AIME 227, 732-736 (1963); Smith, R. P., Trans. 
Met. Soc. AIME 218, 62-64 (1960). 
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was 10.5 ppm; and the carbonate carbon in sodium, analyzed by titration, 
was 2.5 ppm. Sodium for total-carbon analysis was obtained with flow-
through sample rs . The equilibrated iron and iron-base alloys are being 
analyzed for carbon by the combustion method. 

(ii) Carburization by Cyanide. An experimental program is in 
progress to evaluate the carburizing potential of various carbon species in 
sodium relative to that of dissolved carbon. Foils of Fe-8 wt % Ni and 
Fe-18 wt % Cr -8 wt % Ni in molybdenum capsules were contacted with 
sodium containing 0, 570, 980, or 1400 ppm CN at 800°C for 10 days. The 
sodium phases were hydrolyzed under vacuum, and no significant amounts 
of carbon-bearing off-gas were detected. The hydrolyzed solutions are now 
being analyzed for cyanide, and the foils for carbon and nitrogen. The r e 
sults of these analyses will establish the distribution of carbon in the alloys 
versus carbon (as CN) in the sodium. 

b. Characterization of Carbon- and Nitrogen-bearing Compounds 
in Sodium (F. A. Cafasso and A. K. Fischer) 

Last Reported: ANL-7632, pp. 37-38 (Oct 1969). 

(i) Nitrogen Compounds. Research is now being undertaken 
to determine the stabilities, solubilities, and reaction chemistry of com
pounds that are potential nitriding agents in liquid sodium systems. Interes t 
in nitridation stems from the fact that nitrogen gas is a pr ime candidate for 
use as a cover over liquid sodium in LMFBRs. Such a plentiful source of 
nitrogen may lead to nitridation and consequent embritt lement of reactor 
components. , 

Nitridation of stainless steels in sodium, although demon
strated by several investigators, is not well understood. A common conten
tion is that calcium in sodium promotes nitridation by forming calcium 
nitride, which is the ca r r i e r for the nitrogen. The magnesium generated 
in p r imary reactor coolant by radioactive decay of ^^Na could behave s imi
larly. Accordingly, the initial effort in this program will be to examine the 
extent to which stainless steel is nitrided in sodium at 650°C in the presence 
of calcium and of magnesium under a nitrogen atmosphere. 

2. Sodium Analytical Development 

a. Development of Reference Analytical Methods for Oxygen, 
Carbon, and Nitrogen (R. Meyer and M. Roche) 

Last Reported: ANL-7632, pp. 38-39 (Oct 1969). 

The sodium analytical group is developing reference nriethods 
of analysis for total oxygen, carbon, and nitrogen in sodium. Reference 



methods having s e n s i t i v i t i e s of the o r d e r of 100 ± 1 0 ppb and - c o r p o r a U n g 
r e l i ab l e sampl ing t echn iques a r e n e e d e d in the L M F B R p r o g r a m to -'^''^'J 
he qual i ty of o the r ana ly t i ca l m e t h o d s and to e s t a b l i s h a c c e p t a n c e s t a n d a r d s 
or r e a c t o r - g r a d e sod ium. P r o t o n ac t i va t ion of s t i r r e d m o l t e n s o d i u m is 

being inves t iga ted as a r e f e r e n c e m e t h o d for oxygen for the — ^ ^ ^^^-
c u s s e d in ANL-7632. B e c a u s e p r o t o n a c t i v a t i o n i s a p r o m i s m g m e t h o d for 
carbon and n i t rogen as wel l , the i n v e s t i g a t i o n was b r o a d e n e d to m c l u d e 
these e l e m e n t s . C u r r e n t efforts involve p r o t o n a c t i v a t i o n e x p e r i m e n t s wi th 
sodium f luor ide , and the des ign and c o n s t r u c t i o n of a s a m p l i n g / i r r a d i a t i o n 
ce l l . 

(i) P r o t o n Act iva t ion E x p e r i m e n t s . B o m b a r d m e n t s of s o d i u m 
fluoride pe l l e t s spiked with AI2O3, C, or AIN w e r e m a d e in a p r e l i m i n a r y 
feas ibi l i ty study of the p r o t o n - a c t i v a t i o n a p p r o a c h . The r e s u l t s of t h e s e 
e x p e r i m e n t s indicated that (1) a 6 - m i l n i c k e l window w a s a d e q u a t e for the 
i r r a d i a t i o n cel l ; (2) ac t iva t ion of s o d i u m to " N a and Na could be kep t to an 
acceptably low level th rough e l im ina t i on of n e u t r o n and d e u t e r o n c o n t a m i n a 
tion of the pro ton beam; (3) with m i n i m u m a c t i v a t i o n of s o d i u m , the p r o j e c t e d 
sens i t iv i ty of the a n a l y s e s , b a r r i n g o t h e r i n t e r f e r e n c e s , would be a p p r o x i 
mate ly as shown below: 

E l e m e n t 

0 

C 

N 

Reac t ion 

' « 0 ( p , n ) ' ' F 

'^C(p.n)'3N 

' % ( p , a ) ' ' C 

S e n s i t i v i t y (ppb) 

50 ± 25 

20 ± 10 

2 ± 1 

Two poten t ia l i n t e r f e r i n g p r o t o n r e a c t i o n s w e r e a l s o i n 
ves t iga ted . It was d e t e r m i n e d tha t '^N, the b a s i s for the c a r b o n a s s a y , w a s 
produced from oxygen by the r e a c t i o n 0 ( p , a ) N . A c o r r e c t i o n for th i s 
in te r fe rence can be m a d e by us ing the i ndependen t oxygen a s s a y f r o m the 
' *0 (p ,n ) "F r eac t ion . This i n t e r f e r e n c e b e c o m e s s e r i o u s , h o w e v e r , when 
the o / c ra t io exceeds ten. The o the r r e a c t i o n i n v e s t i g a t e d w a s B(p,n) C, 
which const i tu tes an i n t e r f e r e n c e in the n i t r o g e n a n a l y s i s . T h i s i n t e r f e r e n c e 
is s e r ious even at equal c o n c e n t r a t i o n s of b o r o n and n i t r o g e n . A c o r r e c t i o n * 
can be made after b o m b a r d i n g a t two p r o t o n e n e r g i e s , 5 and 14 MeV, s i n c e 
the c r o s s sect ion i n c r e a s e s m u c h m o r e r a p i d l y wi th e n e r g y for the n i t r o g e n 
reac t ion than the boron r e a c t i o n . 

(ii) S a m p l i n g / I r r a d i a t i o n C e l l . The ce l l shown in F i g . I .C . I is 
a nickel f low-through s a m p l e r , d e s i g n e d for the dual p u r p o s e of s a m p l i n g 
and i r r ad i a t i ng sod ium. After the s a m p l e (~20 cm^) is i s o l a t e d by c l o s i n g 
the needle va lves , the cel l can be r e m o v e d f r o m the f l o w i n g - s o d i u m s y s t e m . 

Kuin, P. N., Proceedings of the Second Conference on Practical Aspects of Activation Analysis with Charged 
Particles, Liege, Belgium (EUR 3896 d-f-e), pp. 31-42 (1967). 
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c o n n e c t e d to the c y c l o t r o n , and b o m b a r d e d with p r o t o n s wi thout c o n t a m i 
na t ing the s o d i u m . The p r o t o n b e a m will en t e r the cel l t h r o u g h the 6 - m i l 

n icke l window, ac t iva t ing the s o d i u m a s 
it is induc t ive ly s t i r r e d at 400°C. F o l l o w 
ing ac t iva t ion , the s o d i u m will be t r a n s 
f e r r e d f r o m the ce l l to a count ing s y s t e m 
for a s s a y of p o s i t r o n a c t i v i t i e s . The ce l l 
and the n e c e s s a r y p e r i p h e r a l count ing 
equ ipment a r e now being f a b r i c a t e d . 

3. On- l ine M o n i t o r s 

a. Eva lua t ion and I m p r o v e m e n t of 
the H y d r o g e n - a c t i v i t y M e t e r 
(J . Ho lmes and D. V i s s e r s ) 

L a s t Repo r t ed : A N L - 7 6 3 2 , 
pp . 39-40 (Oct 1969). 

Fig. I.C.I. Sampling and Irradiation 
Cell for Sodium 

An objec t ive of th i s w o r k is to 
develop a s y s t e m tha t d e t e c t s l e a k s in 
L M F B R s t e a m g e n e r a t o r s by the d e t e c 
tion of p r o d u c t s of the s o d i u m - w a t e r 

r e a c t i o n . The de tec t ion s y s t e m now u n d e r deve lopmen t is b a s e d on m o n i 
t o r i n g h y d r o g e n in sod ium, a l though e l e c t r o c h e m i c a l c e l l s for oxygen in 
sod ium wil l be c o n s i d e r e d for fu ture s y s t e m s . Ano the r ob jec t ive of t h i s 
w o r k i s to deve lop an a c c u r a t e h y d r o g e n - a c t i v i t y m e t e r for m o n i t o r i n g 
h y d r o g e n i m p u r i t i e s in both the p r i m a r y and s e c o n d a r y s o d i u m s y s t e m s of 
L M F B R s , and for u s e in r e l a t e d r e s e a r c h e n d deve lopmen t p r o g r a m s . 

The r e q u i r e m e n t s of a hydrogen m e t e r for de t ec t i ng w a t e r 
l e a k s and t h o s e for m o n i t o r i n g hydrogen ac t iv i ty differ; the l eak d e t e c t o r 
m u s t be s e n s i t i v e , r ap id , and r e l i a b l e , w h e r e a s the m a i n r e q u i r e m e n t for 
the ac t iv i ty m o n i t o r is a c c u r a c y . Consequen t ly , two d i s t i nc t un i t s having 
s o m e w h a t d i f fe ren t o p e r a t i n g p r i n c i p l e s a r e now under d e v e l o p m e n t . 

The i n - s o d i u m hydrogen m o n i t o r (see F i g . I .C .2) being d e 
ve loped at ANL for l eak de tec t ion is b a s e d on the r a t e of diffusion of 
h y d r o g e n t h r o u g h a n icke l m e m b r a n e . A v a c u u m is d r a w n at a s t e a d y r a t e 
by an ion p u m p , thus caus ing a h y d r o g e n - a c t i v i t y g r a d i e n t f r o m the s o d i u m 
s ide to the v a c u u m s ide of the m e m b r a n e and r e s u l t i n g in diffusion of h y d r o 
gen t h r o u g h the m e m b r a n e . The p a r t i a l p r e s s u r e of hyd rogen on the v a c u u m 
s i d e , a m e a s u r e of the hydrogen flux and the hyd rogen ac t iv i ty in the s o d i u m , 
is d e t e r m i n e d by a m a s s - s p e c t r o m e t e r d e t e c t o r . P o s s i b l y the s y s t e m could 
be s imp l i f i ed by u s i n g the ion p u m p i t se l f as the d e t e c t o r ; the ion c u r r e n t 
of the p u m p would be m o n i t o r e d as a m e a s u r e of the h y d r o g e n flux t h r o u g h 
the n icke l m e m b r a n e . C a l c u l a t i o n s ind ica te that , with a 1 0 - m i l m e m b r a n e , 
such m e t e r s wil l r e s p o n d in about 10 sec to a s tep change in h y d r o g e n con 
c e n t r a t i o n in s o d i u m at 500°C. 
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Fig. I.C.2 

Hydrogen Monitor for Detecting 
Steam-generator Leai<s 

The hydro gen -ac t iv i t y m e t e r be ing d e v e l o p e d at ANL a l s o u s e s 
a nickel m e m b r a n e , but r a t h e r than con t inuous ly d r a w i n g a v a c u u m on the 
m e m b r a n e , the hydrogen p r e s s u r e is a l lowed to r e a c h e q u i l i b r i u m . T h i s 
equi l ib r ium p r e s s u r e is cont inuous ly r e c o r d e d . The p a r t i a l p r e s s u r e of 
hydrogen in equ i l ib r ium with s o 
dium has been shown to be r e l a t e d 
by S i e v e r t ' s law to the hydrogen 
concentra t ion in the sod ium.* 
The pr inc ipa l components of the 
m e t e r (see F ig . I .C.3) a r e a h i g h -
s u r f a c e - a r e a n ickel m e m b r a n e 
that is i m m e r s e d in the sod ium 
and a p r e s s u r e - s e n s i n g device 
such as a hot ca thode - t r iode ion 
gauge. Auxi l ia ry components in
clude an ion-pump vacuum s y s 
t em for pe r iod ic pumpdown and 
an appara tus for adding hydrogen 
to p e r m i t approach to equi l ib
r ium f rom above the equ i l ib r ium 
hydrogen p r e s s u r e . The t i m e 
to attain equ i l ib r ium v a r i e s d i r e c t l y wi th the h y d r o g e n con ten t of the s o d i u m , 
the gas volume of the m e t e r s y s t e m , and the s u r f a c e a r e a and t h i c k n e s s of 
the m e m b r a n e ; and i nve r se ly with the t e m p e r a t u r e of the m e n a b r a n e and the 
diffusion coefficient. F o r example , wi th a s y s t e m con ta in ing 1 p p m d i s s o l v e d 
hydrogen in sodium, a gas vo lume of 100 m l , a m e m b r a n e t e m p e r a t u r e , 
t h i ckness , and su r face a r e a of 500°C, 10 m i l s , and 100 cm^, r e s p e c t i v e l y , 
it can be ca lcu la ted that the t i m e to a t t a in 99% of the e q u i l i b r i u m h y d r o g e n 
p r e s s u r e , s t a r t ing from a high v a c u u m , is about 5 m i n . 

C u r r e n t deve lopment w o r k on th i s p r o g r a m is p r o g r e s s i n g 
along th ree l ines : 1) bench- top t e s t s of the h y d r o g e n m e t e r for w a t e r - l e a k 

Meacham, S. A., Hill, E. F., and Gordus, A. A., Quarterly Technical Progress Report on AEC-Sponsored 
Activities, APDA-228 (1968). 

Fig. I.C.3. Hydrogen-activity Meter 
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detection, 2) modification of SAL (Sodium Analytical Loop) for evaluation 
of both types of hydrogen meter , and 3) construction of a test apparatus to 
evaluate the diffusion propert ies of nickel membranes . 

Two mass spect rometers , a sector and a cycloidal type, a re 
being evaluated for the leak-detector meter by using standard leaks to 
admit hydrogen to the detection system. Both spectrometers appear to be 
sensitive enough to indicate a change in hydrogen part ial p r e s su re in the 
detection system of less than 10%, even at hydrogen levels below those 
expected in normal operations with the membrane immersed in sodium. 
There are occasional instabilities in the readout, but the overall resul ts 
are encouraging and the tests are continuing. Two ion pumps have been 
tested as detector components and appear to have sufficient sensitivity. 
Fur ther tests are required to determine whether the ion pumps are suffi
ciently stable and whether their nonspecificity for hydrogen gas will l imit 
their usefulness as the detector component of leak-detector me te r s . 

SAL is being modified to serve as a test apparatus for both the 
leak-detector and hydrogen-activity me te r s . SAL will also be used for 
basic studies on the characterization of oxygen- and hydrogen-bearing 
species in sodium. The modifications include the installation of a new a i r -
cooled cold t rap, two in-line sodium-sample points, and a prototype on-line 
leak detector with both a mass-spec t rometer and an ion-pump detector. 
A nickel membrane, 9 in. long, of 0.25-in. OD, and 10 mils thick, has been 
installed. A system has been provided to sample the hydrogen on the gas 
side of the nickel mennbrane. SAL is again in operation, and hydrogen-in-
sodium monitoring experiments are being planned. 

A test apparatus to evaluate diffusion of hydrogen gas through 
nickel membranes , before and after their insertion into SAL, has been de
signed and is being constructed. Measurements of the hydrogen flux across 
the membranes will be made for various hydrogen concentrations in argon. 

4. Fission Product Behavior and Control 

a. Low-level Irradiation Loop Tests (N. Chellew and W. E. Miller) 

Last Reported: ANL-7632, pp. 40-41 (Oct 1969). 

Fur ther work on an irradiation experiment to study the behavior 
of short-l ived fission products in sodium has been suspended. This work 
will be resumed following an evaluation study, now under way, to define the 
problems of LMFBR plant operation that a r i se from fuel failure and the 
consequent deposition of fission products. 
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T^ Development of a Continuous Process for Removal of Radioactive 
Contaminants (H. M. Feder and C. Postmus) 

Last Reported: ANL-7632, p. 41 (Oct 1969). 

This investigation seeks methods for the continuous purification 
of the coolant sodium in a fast-breeder reactor system. The removal of a 
wide spectrum of contaminants into a discardable waste s t r eam is being 
sought One possible method of accomplishment may be a semibatch 
solvent-extraction system installed in a bypass loop and operated at a tem
perature of ~150°C. The extracting medium must necessar i ly have extremely 
small miscibility with and reactivity toward sodium at 150°C, be appreciably 
less dense than sodium, boil above 170°C, and be a suitable solvent for the 
complexes formed during the selective extraction of the impurit ies to be 
removed. 

A literature search led to the conclusion that suitable solvents 
might be available among certain classes of organic compounds, such as 
alkanes, alkylated aromatics, alkyl ethers, amines, phosphines, amides, 
and nitrides. A program for testing the stabilities of these c lasses toward 
sodium at 150°C was instituted. Initial t r i a l s , made with dried, commercial ly 
available solvents revealed that none of those selected for test reacted 
rapidly or ingross fashion; however, superficial signs of react ion--solvent 
darkening, solvent turbidity, formation of a film on the sodium--were 
apparent and the cause of ambiguity in the resul t s . Some of the ambiguous 
reactions were undoubtedly due to impurities in the solvents; react ive func
tional groups are part of such common organic solvent contaminants as 
alcohols, ketones, acids, es ters , double- and triple-bonded compounds, 
polycondensed aromatics, and sulfur- and halogen-substituted compounds. 

To eliminate such reactive impuri t ies , the following procedure 
has been adopted. The dried commercial solvent is f irst p re t rea ted with 
sodium for 24 hr at 150°C. The solvent is then vacuum distilled, and the 
middle third of the distillate is retained for the stability t es t s . Decane, 
n-octylamine, and tri-n-butylamine were subjected to this procedure and, 
subsequently, to the stability test of contact with sodium at ~150°C. After 
40 hr at temperature, the three solvents show negligible color formation 
and no turbidity, and the sodium surfaces remain lus t rous . These tests are 
still in progress. 

5. Cover-gas Monitoring 

a. Nature and Control of Sodium Aerosol Formation (W. E. Miller 
and R. Kessie) 

Last Reported; ANL-7632, pp. 41-42 (Oct 1969), 

Sodium aerosol formed by condensation in a vapor space or by 
turbulence in liquid sodium contacting a vapor space can present serious 
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problems during reactor operation. The aerosol may clog the gap between 
moving par t s , and transport fission products and other impurit ies from the 
liquid-sodiuin phase to the reactor cover gas. Information on the kinetics 
and mechanism of aerosol formation and on aerosol control is needed to 
help eliminate potential problems. The objectives of the present work 
include 1) collection of data on formation of sodium aerosol, and t rans la 
tion of this data to the design of reactor containers and equipment; 2) a s s e s s 
ment of the magnitude of aerosol fornnation under reactor conditions; 
3) evaluation of devices for removal of aerosols . 

Formation of sodium aerosol has been observed in qualitative 
experiments car r ied out in a glovebox having a high-purity argon a tmos
phere. About 50 g of sodium were placed in the bottom of a stainless steel 
vessel measuring 2 in. in ID and 12 in. long. The lower 4 in. of the vessel 
were heated in a furnace, while the upper 6 in. were externally cooled. 
Argon from the glovebox was drawn at 0.5 l i te r /min into and out of the 
gas space above the sodium via 3/ l6-in.-OD tubes welded to the upper 
par t of the vessel . The exiting gas s t ream then passed through an enclo
sure containing a 47-mm-dia Millipore filter on which the sodium aerosol 
was collected. The axis of the vessel was inclined 30° to the vertical during 
the experiments . The top of the vessel was fitted with a Pyrex window 
through which the sodium surface could be readily seen with the aid of an 
external light source. The experiments consisted of gradually heating the 
sodium under the argon cover gas, observing the aerosol formation, and 
collecting the aerosol part icles on the f i l ters . 

At 200°C, no aerosol was observed visually or on a filter that 
had passed 30 l i ters of cover gas. At 300°p, a light haze was seen, and the 
filter surface was slightly discolored. At 400°C, the inside wall of the 
vessel could be made out up to 2 in. beyond the window, and the filter sur
face was covered with aerosol part icles after passage of 1 l i ter of cover 
gas. At 500°C, visibility was reduced to 0.5 in. At 600°C, the exit tube 
plugged before the filter had collected any aerosol . The sodium was next 
cooled to 300°C, and the sodium surface was again readily visible through 
the slightly coated window. At the end of these experiments, which lasted 
only a few hours , it was found that a layer of aerosol 1/8 to 3/16 in. deep 
had settled on the lower inside wall of the inclined vessel in the cool region. 

No problems attributable to sodium aerosol have been en
countered in the pr imary containment vessel of EBR-II, whose sodium pool 
is at ~375°C. The qualitative results above forewarn that a nnuch greater 
formation of sodium aerosol can be expected in the pr imary vessel of an 
LMFBR, whose sodium pool is at ~500°C. 
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D. Systems and Plant Development 

1. Plant and Design 

a. Contract Management, Technical Review, and Evaluation 
(L. W. Fromm and K. A. Hub) 

Last Reported: ANL-7632, p. 45 (Oct 1969). 

(i) Evaluation of lOOO-MWe Follow-on Study Task Reports . 
The first draft of the lOOO-MWe LMFBR Follow-on Study Evaluation Report 
has been completed. This report is divided into four volumes: 

Volume 1--Summary. General background and objectives; 
general scope of study work and expenditures; reviews of design rationale, 
brief plant description, and summary of ANL evaluation thereof for each 
contractor; summary of parametr ic and trade-off studies, and ANL evalua
tion thereof for each contractor; summary of ANL plant - tempera ture study: 
summaries of safety and economics evaluations; summaries of each con
tractor 's proposed R&D prograins in each of the nine technical a reas of the 
LMFBR Program Plan, with ANL comments; and general ANL observations 
on results, conclusions and recommendations. 

Volume 2--Plant Design. Detailed descriptions of each 
contractor's reference conceptual design, with ANL's cr i t ical evaluations 
thereof; ANL evaluations of contractors ' trade-off and pa ramet r i c studies 
and safety work; capital, fuel-cycle and final energy costs for each con
tractor 's design, with ANL comments; and the ANL plant - temperature study. 

Volume 3--Research and Development. Summarization of 
the R&D proposed by each contractor, and ANL evaluation of the programs 
proposed; ANL comments on the cost of R&D and the benefits to be derived 
therefrom. 

Volume 4--Backup and Contractual Mater ial . Tables of 
capital cost estimates for each contractor, and evaluation thereof by 
Pioneer Service and Engineering Co.; brief description of the content of 
the contractors' reports; and contractual mater ia l . 

The draft copies of Vol. 1 were t ransmit ted to RDT for their 
review on January 16, 1970. Volumes 2 and 3 were t ransmit ted to RDT upon 
completion of the reproduction process . Volume 4 mater ia l required further 
work and is expected to be completed in February . 
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^- EBR-II--Research and Development 

1- New Subassemblies and Experimental Support (E. Hutter) 

^- Experimental Irradiation Subassemblies 
(O. Seim and E. Filewicz) 

Last Reported: ANL-7655, pp. 54-56 (Dec 1969). 

(i) Mark-B61B Subassembly. Hydraulic flowtests of an un-
orificed Mark-B61B subassembly were performed to determine the charac
ter is t ics of flow versus p ressure drop. The tests were made in the stainless 
steel pressur ized-water loop, and data were collected for reactor Rows 1 
through 7. Table I.E.I gives the data obtained from the tes ts , converted to 
sodium conditions. For comparison, Table I.E.2 shows the reference values 
of f low-versus-pressure drop for a standard EBR-II core subassembly. 

TABLE I .E.I . Results of Flowtest of Mark-B61B 
Irradiation Subassembly 

Reactor 
Row 

1,2 

3 

4 

5 

6,7 

Effe ctive P re s su re 
Drop (psi) 

38 

39 

34.5 

34 

40.8 

Sodium Flowrate 
at 800°F (gpm) 

122 

112 

88 

77 

68 

TABLE I.E.2. Reference Values of Flow vs P re s su re Drop 
for an EBR-II Standard Core Subassembly 

Reactor 
Row 

1,2 

3 

4 

5 

6 

Effe ctive P re s su re 
Drop (psi) 

38 

39 

34.5 

34 

40.8 

Sodium Flowrate 
at 800°F (gpm) 

139 

123 

93.5 

78 

70 
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2. Instrumented Subassemblies (E. Hutter and A. Smaardyk) 

a. Tests 1 and 2 

(i) Operation and Performance of Test 2 (R. Dickman) 

Not previously reported. 

Outputs from 23 sensors in the Tes t -2 instrumented sub
assembly have been providing information and records about in- reac tor 
performance of the sensors, the in-reactor environment, and the inst ru
mented subassembly itself. 

Except for the temperatures at the centerlines of the fuel 
pins, the actual measured values during the first reactor run were very 
close to the projected values. The measured tempera tures at the center-
lines were lower than projected. One fuel-centerline thermocouple gave 
an erratic output, and then no output, when about 150 MWd of reactor opera
tion had been completed. In addition, an outlet-coolant thermocouple was 
inoperative during the first reactor run. Otherwise, all sensors remained 
functional and consistent throughout 750 MWd of operation. 

Representative measurements were: 

Fuel-centerline Thermocouples 

In fuel element closest to core center - -no output 
In two fuel elements next closest to core cen te r - -

1250-1320°C 
In fuel element farthest from core c e n t e r - - ! 160°C 

Spacer-wire and Cladding Thermocouples 

Closest to core center and at periphery of capsule 
bundle--418°C 

In center capsule bundle--442°C 

Coolant-inlet Thermocouple- -365°C 

Coolant-outlet Thermocouple- -440°C 

Thermocouple in Center of St ructura l -mater ia ls Test 
Capsule--455°C 

Coolant Flow through Subassembly--~28.1 gpm 

Fission-gas P ressure at Tops of Four Fuel Capsules - -
"•24 psia (1.0-mV instrument reading) 

-„ . ,,,r ^ These measured values are for a reactor power level of 
bU^MWt. They are typical of the as- recorded values but have been rounded 
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The first reactor run ended on January 10. The second 
run began on January 14. The outlet-coolant thermocouple which had been 
inoperative throughout the first run has recovered and is reading expected 
temperatures . The fuel-centerline thermocouple that ceased giving an 
output in the first run is now operating also. Except for slight downward 
shifts in some fuel-centerline temperatures , the sensor outputs in the 
second run have been close to those in the first run. 

An experimental movable, self-powered neutron-flux 
monitor is performing as expected. 

Prel iminary analysis of the initial operation of Test 2 is 
discussed in Sect. E.6.g of this Progress Report. 

3. Coolant Chemistry (D. W. Cissel) 

a. Sodium Coolant Quality Monitoring and Control (W. H. Olson, 
C. C. Miles, T. P. Ramachandran, E. R. Ebersole, and 
G. O. Haroldsen) 

Last Reported: ANL-7655, pp. 59-62 (Dec 1969). 

(i) Radionuclides in Sodium. Table I.E.3 lists results of anal
yses f o r ' " C s and'^ ' l in pr imary sodium. The ^^Na activity on December 29, 
1969 was 3.7 x 10"^ fiCi/g. 

TABLE I.E.3. ' "Cs and " ' l in Primary Sodium^ 

Sample 
Date 

12/29/69 

1/5/70 

Sample 
Size 
(g) 

13.3 

12.9 

Sample 
Flow 
(gpm) 

0.3 

0.4 

Flush 
Time 
(min) 

15 

15 

T 
Sample 

emperafure 
CF) 

390 

605 

' "Cs 
(fiCi/gxlO^) 

1.1 

1.1 

(MCi/gxlO") 

0.68 

1.30 

^All samples taken in Pyrex beaker. 

Samples of pr imary sodium taken in September and 
November 1969 have been analyzed for trit ium. Table I.E.4 shows the 
tri t ium history of the pr imary coolant of EBR-II from 1963 to the present . 
Within experimental e r ro r , the tritium concentration over the past six 
years has been directly proportional to total accumulated megawatt days 
of operation. 

(ii) Trace Metals in Sodium. Table I.E.5 lists the results of 
analyses for trace metals in EBR-II sodium. All samples were taken in 
tr i t ium. P r imary sodium was distilled in the laboratory, secondary sodium 
was distilled in-line. Impurity concentrations were determined by atomic-
absorption spectrophotometry. 



Sample Tritium 
Date (atoms/liter! 

3J7/63 <6 I lOll 
vmi 1.2 « 10" 
mimi 3,8 < 10l3 

Accumulated 

MWdltl 

2,5 X 103 
1.5 X Iff" 

TABtE l,E.4. Trit ium History of Primary Sodium 

Tritium Increase 
11015 atoms/MWdltll 

Sample 
Date 

Trit ium 
(atoms/liter) 

9/18/69 

11/11/69 

11.4 X 10l3 
11.5 X 1013 

Accumulated 
MWdltl 

2.9 X 10^ 
3.0 X 10* 

Trit ium Increase 
(10l5 atoms/MWdltll 

1,3 
1,2 

TABtE l,L5, Trace Metals in Sodium, ppm 

Sample Sample Fiusti Sample 
Sample Size Flo* Time Temp 

Dale I9) Igpml IminI CTI Ag Al 

12/18J69 125 

Ca Co Cr Cu Fe In Mg Mn Mo Ni Pb Sn 

Primary Sodium 

12/23/69 56 0.6 15 560 -0 .04 <0.6 2,1 <0.02 <0,02 0,035 0,07 0,7 -0 ,03 0,01 0.007 <0,07 0,04 9,3 21,8 

Secondary Sodium 

12/5/69 125 0,4 20 340 OOl <0,05 <0.02 0,03 <0,02 0,035 <0,005 2,0 <a02 0,05 0,008 <0,02 <0,02 0,7 <0,0P 

Qg 18 533 OOl <0,2 <0,04 <0,02 <0,02 0,01 <0,015 0,1 < a 0 1 0,02 O003 <0,07 0,01 0,8 <0,2 

R e c o v e r y of t r a c e m e t a l s in the r e s i d u e f r o m v a c u u m 
dis t i l la t ion of sodium was s tudied f u r t h e r . M i c r o g r a m q u a n t i t i e s of m e t a l 
powder were mixed thoroughly wi th 50 g of s o d i u m in a t i t a n i u m cup and 
then vacuum dis t i l l ed . Both the r e s i d u e and the s o d i u m d i s t i l l a t e w e r e 
analyzed for t r a c e - m e t a l conten t . The d i s t i l l a t i o n r e s i d u e s w e r e d i s s o l v e d 
in acid and analyzed by a tomic a b s o r p t i o n . The s o d i u m d i s t i l l a t e was d i s 
solved and acidified; the m e t a l s w e r e s e p a r a t e d by oxine e x t r a c t i o n o r c o -
prec ip i ta t ion and d e t e r m i n e d by a t o m i c a b s o r p t i o n . R e s i d u e r e c o v e r i e s , 
l is ted in Table I .E .6 , w e r e c a l c u l a t e d by d iv id ing the a m o u n t of t r a c e m e t a l 
found in the r e s idue by the s u m of the a m o u n t s found in the r e s i d u e and the 
d is t i l l a te . 

Metal 

Aluminum 
Bismuth 
Calcium 
Chromium 
Cobalt 
Copper 
Iron 

TABtE l,E,6 Recovery of Trace /Vletais in the Residue from Vacuum Distillation of Sodium 

Total Metal in 
Residue plus Distillate 

(ppm) 

1,10 
2.40 
0.20 
0,40 
0,53 
0,12 
0,11 

/Vletal in 
Residue 

1%) 

98 
100 
100 
100 
97 
94 

100 

Metal 

lead 
Magnesium 
/yianganese 
/ylolybdenum 
Nickel 
Tin 

Total /yletal in 
Residue plus [)islillate 

(ppm) 

0.80 
0,30 
0,32 
0,74 
0,47 

19,5 

/Vletal in 
Residue 

(%) 
90 

100 
98 

100 
97 

100 

(iii) Oxygen in Sodium. Tab le I .E .7 l i s t s the r e s u l t s of a n a l y s e s 
for oxygen in pr innary sod ium by the m e r c u r y - a m a l g a m a t i o n m e t h o d . All 
samples of 15-g s i ze , w e r e t aken in s t a i n l e s s s t e e l v e s s e l s and e x t r u s i o n 
aliquoted for a n a l y s i s . C o n c e n t r a t i o n s as m e a s u r e d by p lugging i n d i c a t o r s 
a re l is ted for c o m p a r i s o n . 

Sample 
Date 

Sample Flow 
(gpm) 

10/30/69 
11/19/69 

^Aliquot size was - 1 g 

TABLE I.E.7. Oxygen«tn Primary Sodium 

Flush Time 
(min) 

Sample Temp Number of 
Aliquots^ 

Average Concentration 
(ppm I 

Oxygen Equivalent of 
Plugging Run (ppm) 

<0.5 
<0.5 
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Cont inuing effor ts to i m p r o v e the a m a l g a m a t i o n m e t h o d 
for oxygen in s o d i u m have r e v e a l e d two p o s s i b l e c lue s to the high r e s u l t s 
that have b e e n ob ta ined . Cooling the m e r c u r y to f r eez ing and us ing g l a s s 
w a r e e x p o s e d to the g lovebox a t m o s p h e r e for long p e r i o d s have r e s u l t e d 
in l o w e r r e s u l t s . Cooling the m e r c u r y does not inhib i t the d e s i r e d r e a c 
tion of s o d i u m and m e r c u r y , but m a y inhibi t the r e a c t i o n of the g l a s s 
c o n t a i n e r wi th the s o d i u m a m a l g a m . Lower r e s u l t s a r e ob ta ined for t hose 
a n a l y s e s , r e g a r d l e s s of cool ing, which have b e e n p e r f o r m e d in g l a s s w a r e 
exposed to the g lovebox a t m o s p h e r e for a week or l o n g e r . H ighe r r e s u l t s 
have b e e n ob ta ined for those a n a l y s e s p e r f o r m e d in g l a s s w a r e i m m e d i a t e l y 
af ter it i s c l e a n e d , baked , and p l aced in the g lovebox. 

(iv) C a r b o n in Sodium. Tab le I .E .S l i s t s the r e s u l t s of a n a l y s e s 
for c a r b o n f rom 15-g s a m p l e s taken at s a m p l e flows of 0.4 gpm by the oxy-
ac id ic flux m e t h o d . 

TABLE I.E.S. Carbon in Sodium 

Sample Flush Time Sample Temp Number of Average Concentration 
Date (min) (°F) Aliquots^ (ppm) 

P r i m a r y Sodium 

11/19/69 
12/12/69 

12/5/69 

15 
15 

20 

490 
600 

Secondary Sodium 

340 3 

0.6 + 0.1 
1.3 ± 0.1 

0.4 ± 0.1 

^Aliquot size was ~1 g. 

(v) Hydrogen in Sodium. Tab le I .E .9 l i s t s the r e s u l t s of a n a l 
y s e s for h y d r o g e n in sod ium by the i so tope di lu t ion me thod . 

TABLE I.E.9. Hydrogen in Sodium 

Sample Concentration 
Date (ppm) 

P r i m a r y Sodium 

10/31/69 1.3 
12/9/69 1.4 

Sample Concentration 
Date (ppm) 

Secondary Sodium 

9/22/69 1.3 

(vi) Hydrogen and Ni t rogen in Cove r G a s . T a b l e I .E . 10 s u m 
m a r i z e s the c o n c e n t r a t i o n s of hydrogen and n i t r o g e n in the p r i m a r y and 
s e c o n d a r y a r g o n c o v e r - g a s s y s t e m s . M e a s u r e m e n t s a r e m a d e with on-
s t e a m gas c h r o m a t o g r a p h s . 
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TABLE I.E.10. Hydrogen and Nitrogen in P r imary and 
Secondary Argon Cover-gas Systems, ppnn 

Pr imary Secondary 

H, 

Nz 

H, 

Nz 

High 

140 

3500 

320 

4100 

Low 

4 

2000 

4 

2200 

Average High 

Decemher 

10 8 

2700 700 

January 

10 4 

3200 500 

Low 

4 

100 

4 

100 

Average 

4 

300 

4 

400 

(vii) Particulate Matter in Secondary Sodium. In ANL-7655 it 
was reported that a portion of the residue from distillation of sodium 
samples taken from the secondary storage tank was insoluble in acid. Fol
lowing return of the secondary system to normal operation, a sample of 
sodium was distilled, and no acid-insolubles were found in the residue. The 
sample was analyzed for t race-metal impurit ies, and the resul ts are in
cluded in Table I.E.S (secondary-sodium sample of 12/ l8 /69) . The values 
are typical of those previously reported for secondary sodium. 

4. Experimental Irradiation and Testing (R. Neidner) 

a. Experimental Irradiations 

Last Reported: ANL-7655, pp. 62-63 (Dec 1969). 

Table I.E.11 shows the status of the experimental subassem
blies in EBR-II on January 15, 1970. During the loading changes for 
Run 39B, two new experimental subassemblies were installed: XO70, con
taining fuel capsules from Ge, W, NUMEC, LASL, and BMI; and X074, 
containing mixed-oxide unencapsulated elements of the PNL-8 Ser ies . 

One subassembly (X062) was returned to its former position in 
the grid after having been in the reactor storage basket during Run 39A. 
Two other subassemblies (XO40A and X064) were relocated within the grid. 

5. Materials-Coolant Compatibility (D. W. Cissel) 

^- Evaluation and Surveillance of EBR-II Materials 

Last Reported: ANL-7655, pp. 62 and 64 (Dec 1969). 

(i) Evaluation of EBR-II Materials Subassembly XA08 
(S. Greenberg) 

Subassembly XA08 was in the pr imary tank of EBR-II for 
43 months. Its exposure was equivalent to 278 full-power days at 45 MWt 
and 136 full-power days at 50 MWt. The average midplane fluence was 
8 .5x10 nvt. 
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TABtE LE.l l . Status of EBR-II Experimental Irradiations as ol lanuary 15, 1970 (Run 39B in Progress) 

Subassembly 
No. and 

(Position) 
Date 

Charged 
Capsule Content and 

(Number of Capsules) 
Experi
menter 

Accumulated 
Exposure 

(MWd) 

Estimated 
Goal 

Exposure 
(MWd) Burnup^ 

XG03 
(7011 

XGIM 

(7B11 

X012A 

WB2I 

X018B 

(4E2I 

X020 

(6B5) 

X021B 
I2D1) 

X027 

I4B3) 

X034A 
(2fll 

X035 
(7B3I 

X036 
(7E1) 

X038 

(7C5I 

XO40AC 

(5B4I 

X041 

I7A3I 

X043 

(4D2I 

XOSO 

(4C2) 

7/16/65 

7/16/65 

12/12/69 

10/2/69 

1/13/67 

2/23/69 

11/21/67 

9/30/69 

4/13/68 

7/25/68 

5/7/68 

9/30/69 

7/24/68 

2/2W69 

2/23/69 

X051 
(3A2) 

X054 
I4E1I 

X055 
(6A4I 

X056 
(5C2) 

X057 
(2B1I 

X058 
(6F1) 

X059 
(4A1) 

X061 
(7A5I 

XOK 
I6F3) 

12/16/68 

3/31/69 

2/23/69 

4/2/69 

2/23/69 

4/24/69 

4/23/69 

4/23/69 

5/23/69 

UO2-20 wt % Pu02 ( 2) 

UO2-2O wt % PUO2 [ 2) 

UO2-2O wt % Pu02 (19) 

Structural 
Structural 
Structural 
Structural 

UO2-PUO2 
lUo.8-Pua2lC 
Structural 
Structural 
Graptiite 

Structural 
Structural 

UO2-25 wt % Pu02 
Structural 

Structural 
Structural 

Structural 

1 3) 
1 2) 
1 11 
1 11 

1 9) 
1 31 
( 41 
( 21 
( 11 

1 61 
( 11 

(181 
1 11 

( 4) 
( 31 

GE 
ANt 
ANt 
PNt 

GE 
UNC 
PNL 
ANL 
PNL 

PNL 
PNL 

GE 
PNL 

ORNL 
ORNL 

( 71 

UO2-25 wt % Pu02 (191 

Structural ( 71 

UO2-2O wt % Pu02 
U02-25 wt % Pu02 

Structural 

UO2-25 wt % Pu02 

UO2-2O wt % Pu02 
UO2-28 wt % PUO2 
UO2-2O wt % PUO2 
(Uo.82-P"0.18lC 
Structural 

UO2-25 wt » Pu02 

UO2-25 wt % PUO2 

IU0.85-PU0.15lC 

UO2-25 wt % Pu02 

Structural 

UO2-Z5 wt % PuOj 

LIO2-25 wt % Pu02 

Structural 

UO2-25 wt % Pu02 

1181 
116) 

1 71 

137) 

1 41 
( 41 
( 51 
( 21 
( 41 

(371 

(371 

(191 

1371 

1 7) 

(371 

137) 

1 7) 

(37) 

A N I 

GE 

PNL 

GE 

GE 

GE 

ORNL 

W 

GE 

PNL 

PNL 

UNC 

GE 

PNL 

GE 

PNL 

INC 

GE 

1,402 

17,042 
8,078 

14,194 

1,402 

13,986 

11,592 

13,568 

1,402 

12,028 

7.308 

7,308 

7,853 

6,708 

8,078 

6,708 

8,078 

6,132 

6,132 

6,902 

4,229 

37,000 

45,000 

4,200 

10,000 

20,400 

23,200 
9,000 

17,600 

7,500 

44,800 

43,300 

17,700 

4,800 

16,700 

11,000 

9,200 

16,400 

10,000 

20,000 

10,600 

15,000 

16,000 

17,500 

18,000 

13,400 

6.6 

6.9 

0.4 + 10.3'' 

0.5 t 5.811 . 
0.5 + b.^ = 

0.5 
0.5 

6.8 
7.4 
4.7 
4.7 
4.7 

3.3 + 4.1b = 
3.3 

7.8 
5.6 

0.6 + 4.8ti • 
0.6 

3.2 

3.1 

2.9 

0.7 • 3.5I1 • 
0.7 + 3.411 . 

2.6 

4.0 

3.8 t 7.61' " 
3.8 
3.8 
3.8 

2 8 + 5.311 • 

1.6 

3.5 

2.5 

3.3 

3.3 

2.2 

2.1 

1.5 

1.8 

• 10.7 

6.3 
6.3 _ 

7.4 

5.4 

4.2 
4.1 

11.4 

8.1 

http://IU0.85-PU0.15lC
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TABLE I.E.11 (Contd.) 

Subassembly 
No. and 

(Position) 

X063 
I7F5) 

X064 
I4F21 

X069 
(4F1) 

XO70 
(3E11 

X072 
(6E21 

X073 
(6C31 

X074 
(5A2I 

XXOl"! 
I5F31 

Date 
Charged 

6/29/69 

5/28(69 

10/1/69 

1/10/70 

12/12/69 

12/12/69 

1/10/70 

11/19/69 

Capsule Content and 
(Number of Capsuiesl 

Magnetic /Vlaterials 

1102-25 wt % Pu02 

U02-25 wt % Pu02 

U02-20 wt % Pu02 
U02-20 wt % Pu02 
(U0.8-PU0.21C 
(Uo.8-Puo.2lC 
(U0.8-PU0.21C 
IUo.8-Puo.2lN 

UO2-2O wt % PUO2 
Structural 

U02-Z5 wt % PUO2 

UO2-25 wt % PUO2 

UO2 
Structural 

I 7) 

(191 

(371 

( 81 
( 7) 
( 1) 
1 1) 
( 1) 
( 11 

(18) 
( 11 

(371 

(371 

(16) 
( 2) 

Experi
menter 

ANL 

GE 

PNL 

NUMEC 
GE 
LASL 
LASL 
W 
BMI 

ANL 
ANL 

PNL 

PNL 

ANL 
ANL 

Accumulated 
Exposure 

(MWd) 

4,568 

5,000 

1,402 

31 

802 

802 

31 

802 

Estimated 
Goal 

Exposure 
(MWdl 

5,400 

10.700 

20,700 

6,000 

9,200 

29,600 

14,500 

2,700 

0.0 
0.0 
0.0 

Burnup^ 

1.0 

2.8 

0.5 

t 6.5b = 6.5 
+ 5.1b • 5.1 
+ 1.4b = 1.4 

0.0 
0.0 
0.0 

0.3 
0.2 

0.2 

0.0 

0.3 
0.3 

^Estimated accumuiated center burnup on peak rod, based on unperturbed flux and without depletion corrections (fuels, at. %; 
nonfuels, nvt x 10-221. 

bPrevious exposure from another subassembly. 
CThc regular position for X040A is 5B2; the subassembly was relocated to position 5B4 for Run 39B. 
tlANL Test-2 Instrumented Subassembly. 

A section of the hexagonal can enclosing the subassembly 
was examined optically and with the electron microprobe. Optical m ic ro s 
copy showed a sensitized structure, but no evidence of accelerated, local
ized, or other unexpected forms of corrosion. The electron-microprobe 
examination showed no selective dissolution of major alloying elements 
(iron, chromium, nickel, and manganese) from the surface. The small ob
served increase (-1/2%) in chromium concentration in grain boundar ies- -
both interior and close to the surface-- is consistent with the observed 
sensitized structure. The sample is being examined for evidence of carbon 
transfer at the surface. 

The estimated temperature of exposure of the sample is 
being determined; the metallurgical s tructure indicates a minimum tem
perature of at least 425°C. 

(̂ )̂ Interaction of Sodium-Tin Solutions with Type 304 Stainless 
Steel (W. E. Ruther) 

^" J^ly 1965, a sufficient quantity of bismuth-tin eutectic 
alloy found its way into the EBR-II pr imary tank to ra ise the tin concen
tration of the primary sodium to 15-20 ppm and the bismuth concentration 
to 4b ppm. The action of the reactor purification system (cold trap) r e 
duced the bismuth concentration to <2 ppm, but did not alter the tin con
centration (tin solubility at the cold-trap temperature is >1000 ppm). 

http://U0.8-PU0.21C
http://Uo.8-Puo.2lC
http://U0.8-PU0.21C
http://IUo.8-Puo.2lN
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Irradiat ion-capsule bodies exposed during the period of high bismuth 
concentration showed no evidence of penetration of the stainless steel by 
either tin or bismuth. Both optical metallography and the electron mic ro 
probe were used in this examination. 

It is apparent that a leak in the fusible-seal trough or some 
other occurrence which would cause tin to enter the pr imary sodium coolant 
could increase the tin concentration in the coolant to much larger values; at 
present, there is no provision for removing the tin from the coolant. A 
series of ex-reactor capsule experiments have been performed to provide 
advance information as to whether such a hypothetical occurrence would r e 
sult in a destructive interaction of the sodium-tin solution with the stainless 
steel cladding of the fuel element. 

For these experiments, six capsules of Type 304 stainless 
steel were filled with sodium-tin solutions having different tin concentra
tions, closed by electron-beam welding, and then exposed to high tempera
tures (see Table I.E.12). The capsules were protected by enclosure in a 
quartz vacuum ampule. Weighed Type 304L stainless steel tabs were in
cluded in each capsule. No significant weight changes occurred (see 
Table I.E.12). A loose deposit was noted on the inside of the capsules after 
dissolution of the sodium in alcohol, but too little of the deposit was avail
able for analysis. Chemical analysis of the alcohol used to dissolve the 
sodium-tin indicated incomplete recovery of the tin. It is probable that 
the deposit observed was tin thrown out of solution in the sodium during 
the slow cooling of the capsule. 

TABLE I.E.12. Results of Capsule Experiments with Sodium-Tin Solutions 

Capsule 
N o . 

S N l 

SN2 

SN3 

SN4 

SN5* 

SN6 

Temp 
(°C) 

6 5 0 

5 5 0 

5 5 0 

6 5 0 

6 5 0 

6 5 0 

Days 
Exposed 

7 

30 

7 

30 

30 

30 

Cone of Tin 
in Test Solution 

(ppm) 

1460 

1470 

1500 

0 

1480 

1880 

Descript ion of 
Surface of Exposed 

Type 304 L SS Sample 

Brown film; wiped off 

Brown film; r ema ined on 

Brown film; r emained on 

Metal l ic , cloudy 

Metal l ic , etched 

Metal l ic , cloudy 

Change in Weight 
of 

Sa 
Type 304L SS 

mple (nng/cm^) 

-0.21 

+ 0.07 

+ 0.05 

+ 0.05 

+0.03 

+0.05 

^Sodium solution was inadvertently exposed to air during fabrication of capsule. 

Sections of the exposed capsule walls and the Type 304L 
stainless steel tabs were examined in the as-polished condition and after 
being electroetched in 2 wt % oxalic acid. A comparison of the blank (no 
tin) specimen from Capsule No. SN4 with the others showed no observable 
effect resulting from the presence of tin. One capsule (No. SN5) in which 
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the sodium-tin solution had inadvertently been exposed to air briefly dur
ing electron-beam welding showed evidence of very slight grain-boundary 
attack at the surface. This is character is t ic of the attack of sodium con
taining oxygen. A similar capsule whose solution had not been exposed to 
air showed no grain-boundary attack. 

The specimens with the longer exposure a re scheduled for 
examination by the electron microprobe to see if tin was picked up 
internally. 

b. Examination of Materials from EBR-II Surveillance 
Subassemblies (S. Greenberg) 

Last Reported: ANL-7655, pp. 64-65 (Dec 1969). 

Electron-microprobe examination of the stainless steel graphite 
cans from SURV-2 showed no evidence of interaction between the stainless 
steel and the graphite. 
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6. Reactor Analysis, Testing and Methods Development 

Last Reported: ANL-7655, pp. 66-75 (Dec 1969). 

a. Measurements of Subassembly Outlet Temperature 
(W. R. Wallin) 

Additional measurements of subassembly outlet temperatures 
have been made with melt-wire and silicon carbide temperature sensors 
located in subassemblies in three different grid positions. In each of the 
three subassemblies, the silicon carbide sensors were in the upper shield 
section and the melt wires were in the upper adapter. 

Table I .E. l3 compares the indicated temperatures with calcu
lated temperatures and those read by outlet thermocouples. The lower 
value in each range for the melt-wire data is the temperature determined 
from the wire with the lowest melting temperature that did not melt. The 
upper value was determined from the wire with the highest melting tem
perature that did melt. The two temperature values cited for the silicon 
carbide sensors a re those indicated from two sensors located in the same 
position. 

TABLE I.E.13. EBR-II Coolant Temperatures Measured with Melt-wire and Silicon Carbide Sensors 

Run 

33B-35A 
37 
38A 

Maximum Nominal 
Reactor Power 

IMWtl 

50 
50 
62.5 

Subassembly 
No. 

A-838Sa 
C-2211S 
C-2214S 

Grid 
Position 

7F5 
3E1 
4B1 

Calculated 
Temperature at 
Top of Fuel (OFl 

885 
842 
925 

SiC 
Temperature (OFl 

989-1014 
898-934 
918-1035 

Melt-wire 
Temperature (OPI 

890-926b 
845-890 
890-926b 

Thermocouple 
Temperature (OF) 

No T/C 
858 
891 

^Special experiment testing Na-Ni compatibility. 
bOne 9260F melt wire was partially melted. 

b. Rod-drop Design for Kinetics Studies ( j . K. Long) 

The drop rod described in the Progress Report for June 1969 
(ANL-7581, pp. 36-38) provides the fast reactivity step which is desired 
for kinetics studies, but its total worth is less than optimum. The reactor 
noise which always is present in the signal interferes with the interpretation 
of resul ts to the extent that the details on a short time scale are obscured. 
It would be desirable to have a drop rod with about two to four t imes the 
worth of the one last described, which had a worth of 6-7 Ih. When this 
shortcoming became evident, moving of the rod from its location on a 
corner of the hex (control-rod position No. 1) to a position on a flat (any 
even-numbered position) to increase its worth was considered. The worth 
character is t ics of the rod at this alternative location were calculated with 
a two-dimensional perturbation code, PETULA, which takes multigroup 
fluxes and adjoints from an independent reactor calculation (e.g., CANDID-2D) 
and determines relative worths of materials along axial t r averses at various 
radii . It is therefore conveniently adaptable to rod design. A code for 
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de te rmin ing rod w o r t h s f r o m p e r t u r b a t i o n da t a and s e l e c t i n g t h o s e w h i c h 
conform to a d e s i r e d p a t t e r n was a v a i l a b l e f r o m the p r e v i o u s s tudy . T h i s 
package of codes was appl ied to the eva lua t i on of r e l o c a t i n g the d r o p r o d . 
It was found that the rod w o r t h p r o b a b l y would d e c r e a s e a s the rod w a s 
moved c l o s e r to the r e a c t o r c e n t e r and tha t i t s p a t t e r n of w o r t h v e r s u s 
posi t ion would a l m o s t c e r t a i n l y be d i s t o r t e d . Moving the rod to a flat d o e s 
not s e e m to offer the d e s i r e d i m p r o v e m e n t . 

Rebuilding the rod wi th a b s o r p t i v e r a t h e r than r e f l e c t i v e c o m 
ponents was inves t iga ted next . T a n t a l u m was s e l e c t e d for s tudy a s a r e p l a c e 
ment for the s t a in l e s s s t e e l s e g m e n t s of the p r e s e n t r o d . 

The wor th of t a n t a l u m was c a l c u l a t e d f r o m the CANDID and 
P E T U L A codes ( two-d imens iona l d i f f u s i o n - p e r t u r b a t i o n t h e o r y ) , u s i n g 
c r o s s - s e c t i o n set 23806.* This c a l c u l a t i o n a l m e t h o d was c h e c k e d a g a i n s t 
two tan ta lum c o n t r o l - r o d fo l lowers whose w o r t h s w e r e m e a s u r e d in Z P R - 3 . * * 
A follower containing 3668 g of t a n t a l u m was found to be w o r t h 4.91 I h / k g , 
and one containing 1834 g of t a n t a l u m ( s a m e length , but half the l i n e a l 
densi ty) was found to be w o r t h 5.45 I h / k g . If the d e v i a t i o n f r o m l i n e a r i t y 
is a t t r ibuted to se l f - sh ie ld ing in the t a n t a l u m , the w o r t h of a v e r y th in r o d 
would be 6.0 Ih/kg by ex t r apo la t i on . The w o r t h of tha t v e r y th in rod w a s 
calculated to be 6.65 Ih /kg . This c lo se a g r e e m e n t g ives a s s u r a n c e t h a t the 
wor ths of these fo l lowers can be ca l cu l a t ed r e a s o n a b l y w e l l by p e r t u r b a t i o n 
theo ry if a l lowance is m a d e for a s e l f - s h i e l d i n g c o r r e c t i o n of the o r d e r of 
10-20%, depending on the l inea l dens i ty . 

The ca lcu la t iona l s c h e m e for s e l e c t i n g d r o p r o d s wi th the p r o p e r 
pa t t e rn of wor th then was modif ied so tha t a s m a n y a s four s e c t i o n s of r o d s 
and five sodium gaps could be i n s e r t e d b e t w e e n the lower a d a p t e r and the 
upper follower. These rod sec t ions need not a l l be the s a m e m a t e r i a l . 
Although su rveys a r e not comple ted , i t h a s b e e n d e t e r m i n e d tha t r o d s w o r t h 
16-18 Ih can be cons t ruc t ed f r o m t a n t a l u m , and tha t the f i r s t 2 in . and l a s t 
inch of t r a v e l can be m a d e to have neg l ig ib le w o r t h . The u s e of n i c k e l a s 
the m a t e r i a l for the t h i r d sec t ion of the rod is be ing i n v e s t i g a t e d b e c a u s e 
it is bel ieved t h e r e would be an i m p r o v e m e n t in the s h a p e of t he f ina l 
por t ions of the r eac t iv i ty change . 

A p a r a l l e l effort i s unde r way to i m p r o v e the a c c e l e r a t i o n 
c h a r a c t e r i s t i c s of the rod by us ing a h i g h - p r e s s u r e a s s i s t a t t he s t a r t of 
the d rop . F u r t h e r work in the phys i c s d e s i g n wi l l be d i r e c t e d t o w a r d 
shaping the wor th p a t t e r n to take the m o s t a d v a n t a g e of the i m p r o v e d 
veloci ty pa t t e rns which a r e now being ob ta ined . 

* r ^ r A N M ^ T o ^'"^^^^' •"• '^" '" '^'''""°' ' ' ' ' ^ "" •P"" ' "" A""""' RgP°". J"'V 1. las'? t° June 30. 196 

ANL°-63'or(196or ^"^' '' '^" '" '''''^° "'"'"on Summary Report, July, August, September 1960. p. 52, 
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c. Drop-rod Calibration before and after Reactor Operations in 
Run 38B (l. A. Engen) 

Two sets of zero-power (500 kW thermal) rod-drop experiments 
were conducted during Run 38B to investigate the effect of power operation 
(50 MWt) on the rod calibration. One ser ies of zero-power experiments 
was conducted before the reactor was taken to power, and a second ser ies 
of experiments was conducted after the reactor had been operated at 50 MWt 
for several days. 

Inverse-kinetics computations were performed to assess the 
system reactivity during the experiments, and the results of individual tes ts 
were averaged--four rod drops in the first ser ies of experiments and three 
in the second. Averages of power and system reactivity before and after 
the rod drops are shown in Figs. I.E.I and I.E.2 for the two ser ies of 
experiments. 

,n 
SYSTEM REACTIVITY 

r^^'^^'^'^^^^'^^m^n^^^ 

REACTOR POWER, 

T 

- S Y S T E M REACTIVITY 

Fig. I.E.I. Results of 500-kW Rod Drops Made 
before Power Operation in Run 38B 

Fig. I.E.2. Results of 500-kW Rod 
Drops Made after 50-MWt 
Operation in Run 38B 

The e x p e r i m e n t s show tha t the change in r e a c t i v i t y af ter 
r e a c t o r o p e r a t i o n at 50 MWt is s l igh t ly s m a l l e r than the change b e f o r e 
power o p e r a t i o n . The d i f fe rence be tween the r e s u l t s i s about $0 .0005, or 
3.0% of the c a l i b r a t e d rod w o r t h obta ined f rom the second s e r i e s of 
e x p e r i m e n t s . 

The t e m p e r a t u r e coeff icient of r e a c t i v i t y and s y s t e m n o i s e 
m u s t be c o n s i d e r e d when examin ing the r e s u l t s . The n o i s e magn i tude i s 
about $0 .0015 , or t h r e e t i m e s the d i f fe rence in two e x p e r i m e n t s . The 
t e m p e r a t u r e coeff ic ient of r e a c t i v i t y i s about -1 .0 I h / ° F , or - $ 0 . 0 0 3 3 / ° F . 
Th i s i n d i c a t e s tha t a t e m p e r a t u r e d i f fe rence of 0.15°F or an e r r o r of 
50 kW in p o w e r can p r o d u c e a d i f fe rence of $0.0005 in s y s t e m r e a c t i v i t y . 

The compu ted r e a c t i v i t y as a function of t i m e shows a r e c o v e r y 
of about $0 .0015 wi th in 0.2 s ec af ter the d r o p and then a g r a d u a l l o s s of 
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reactivity approaching the value of reactivity computed at the t ime of the 
rod drop. The recovery of $0.0015 can be associated with cooling of the 
reactor core; a reduction of 0.45°F in core tempera ture will produce a 
reactivity change of +$0,0015. The time constant for fuel and coolant is 
assumed to be in the range from 0.2 to 0.4 sec, which agrees with the t ime 
required for the reactivity recovery noted above. The slight recovery of 
power following the prompt drop is consistent with this explanation and 
indicates that temperature effects are not entirely negligible at 500 kW. 
Conducting the tests at some lower power level is complicated by the low 
worth of the drop rod and by ion-chamber noise. 

The small difference in reactivity found from these experiments 
performed before and after power operation is not sufficient to disqualify 
rod calibration at startup, prior to power operation. 

d. Measurements of Gamma Heating in EBR-II (W. R. Wallin) 

An experiment is being designed for measuring gamma heating 
in EBR-II. The current state of the ar t for gamma-heat calculations is 
insufficiently advanced to allow reliable prediction of tempera ture d i s t r i 
butions in nonfissionable mater ia ls . Ultimately, the preferred computational 
approach must be judged on the basis of how well computed resul ts agree 
with those obtained experimentally. 

Basically, the experiment consists of an insulated heat-
generation source (such as stainless steel, uranium, nickel, tungsten, or 
B4C) which is cooled by a known flow of sodium. Measurements of the 
temperature increase across the source, the weight of the source, and the 
flow rate of the sodium may be used directly to establish the specific heat-
generation rate. The heat-generation source or susceptor will consist of 
a rod of the material under investigation. The rod will be surrounded 
radially by a hollow, cylindrical, gas-filled shroud which will eliminate 
flow of heat in the radial direction (see Fig. I.E.3). Coolant flow around 
the susceptor will be admitted through a calibrated orifice. A tempera ture 
sensor will be immediately above each susceptor, in the exit coolant s t ream. 

The basic irradiation vehicle will be a Mark-B7 irradiat ion 
subassembly. Although by no means definitive or final. Fig. I.E.3 i l lustrates 
the nature of the modifications of the subassembly that will be necessary . 
These will include the incorporation of an insulated shroud, special 
orifice plates, and mounts for the susceptors and tempera ture sensors . 
Any one or all of the seven positions in the Mark-B7 subassembly may be 
used. For experiments in which only one position is used, the remaining 
positions will be filled with typical blanket or reflector mater ia l . Of pa r 
ticular interest is the fact that the vehicle will permit as many as seven 
independent gamma-heat measurements . This feature should prove pa r 
ticularly valuable in mapping rates of gamma-heat generation in those 
regions where the gamma-flux profile is changing rapidly. 
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COOLANT SODIUM AT 
900-lOOOOF 

TEMPERATURE DETECTOR 

ARGON-GAS ANNULUS 

r STAINLESS STEEL 
SUSCEPTOR \ NICKEL 

L URANIUM 

BYPASS COOLANT SODIUM 

STANDARD BLANKET OR 
REFLECTOR ELEMENTS OF 
URANIUM, NICKEL, OR 
STAINLESS STEEL 

Fig. I.E. 3. Arrangement for Suggested Gamma-heating Experiment 

The an t i c ipa t ed e x p e r i m e n t a l p r o g r a m wi l l c o n s i s t of m e a s u r i n g 
r a t e s of g a m m a - h e a t g e n e r a t i o n in: ( l ) the b l anke t wi th a d e p l e t e d - u r a n i u m -
b lanke t r e f l e c t o r , (2) a n i c k e l or s i m u l a t e d n i c k e l r e f l e c t o r , and (3) a t y p i c a l 
e x p e r i m e n t a l s u b a s s e m b l y in the c o r e . F o r m e a s u r e m e n t s in the d e p l e t e d -
u r a n i u m - b l a n k e t r e f l e c t o r r eg ion , two M a r k - B 7 v e h i c l e s wi l l be u s e d . Both 
wi l l be i n s t a l l e d and r e m o v e d s i m u l t a n e o u s l y . One wi l l be i n s t a l l e d in Row 7 
and the o t h e r in Row 8. 

M e a s u r e m e n t s in a s i m u l a t e d n i c k e l - r e f l e c t o r r e g i o n w i l l r e q u i r e 
an a s ye t unspec i f i ed n u m b e r of p r o t o t y p a l n i c k e l - r e f l e c t o r un i t s a s s e m b l e d 
in a z o n e . F o u r M a r k - B 7 v e h i c l e s with n i c k e l s u s c e p t o r s wi l l be d i s p e r s e d 
t h r o u g h o u t the zone , wi th one each in Rows 7 t h r o u g h 10. 
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For measurements in the core only, one Mark-B7 vehicle at a 
time will be used. The use of more than one at a t ime suffers from the 
disadvantage of excessive reactivity depletion and the sacrificing of needed 
irradiation space. Hopefully, measurements will ultimately be made in 
Rows 2, 4, 5, and 6, where s t ructural experiments a re usually located. 

The orifice for each susceptor location will be sized to yield 
a predetermined flow rate which, in turn, will be specified to give a t e m 
perature r ise of approximately 200-300°F across the susceptor . No problem 
in establishing the flow rate around an individual susceptor is envisioned. 
The flow through the test vehicle will be measured in accordance with 
standard calibration procedures in a water-flow test r ig . Flow ra tes in 
individual channels will be determined both by calculation (from apportioning 
the total flow according to flow area) and by weighing the amount of effluent 
discharged per unit time from a given channel. 

A sodium thermometer will be used to establish the tempera ture 
of the mixed outlet from a given channel. This thermometer consists of a 
l-|-in.-long by 3/8-in.-dia capsule filled completely with a known weight 
of sodium. This capsule, in turn, is sealed in a helium-filled outer capsule. 
As the temperature of the device increases , sodium is expelled from the 
inner cylinder through hypodermic tubing. Since sodium cannot r e - en te r 
the inner cylinder, the measured weight loss may be used to establish the 
maximum temperature achieved. The effects of differential expansion in 
the cylinder wall and sodium are eliminated through calibration tes ts in a 
furnace. The results of previous bench tests indicate that the accuracy of 
the thermometer is approximately ±5°F. The major contributors to the 
uncertainty in rates of gamma-heat generation are assumed to be uncer
tainties in the flow rate and temperature increase . For a 200°F tempera 
ture increase across a given susceptor, the accuracy of the measured 
heat-generation rate will be ±5.5% (assuming that the inlet t empera ture 
remains invariant at 700°F). 

e. Reactivity Monitoring ( j . R. Karvinen) 

The prototype of the reactivity meter was operated throughout 
Run 39A. On December 21, an overpower condition caused the reac tor to 
trip. Inspection of the s t r ip-char t record from the reactivity meter suggests 
that a maximum reactivity insertion of 5.2 Ih was obtained from control-rod 
motion in approximately 20 sec. Negative feedback effects reduced the 
excess reactivity to 1.7 Ih. The reactor power level increased to 55 MWt. 
Also of interest is the response of a thermocouple (FCTC-3) located at the 
center of an oxide-fuel element in the instrumented subassembly. During 
the power increase, the thermocouple-output indicated an increase of 
approximately 260°F, going above about 2200°F. Subsequent inoperability 
of this thermocouple has been attributed to thermal shock. 
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f- Post-incident Recall System ( j . R. Karvinen) 

The post-incident recall system (PIRS) was operating in a loop 
mode during a reactor t r ip on December 26. Transient responses were 
indicated by two thermocouples in the instrumented subassembly. Outlet 
thermocouple OTC-14 indicated a 1-sec t ransport lag and a 3-sec system 
time constant, and inlet thermocouple ITC-14 indicated a 0.4-sec t r a n s 
port lag and a 2.8-sec system time constant. A flowmeter in the subassem
bly indicated a flow reduction of 5% in less than 200 ms . Spacer-wire 
thermocouple CTC-3 in the subassembly may have become inoperable 
during this scram; it indicated a noisy discontinuity approximately 2 sec 
after the sc ram and an unaccountably large step decrease after the noise 
phenomenon ceased. The self-powered (Rh) neutron detector responded 
almost as expected during the scram. 

g. Analysis of Initial Operation of the Test-2 Instrumented 
Subassembly to 50 MWt (R. A Cushman and S. M. Masters) 

The initial power operation with the Test-2 instrumented 
subassembly in EBR-II took place on December 17-18, 1969, when the 
power was increased from 0 to 50 MWt. (For further operating history, 
see Sect. I.E.2.a of this P rogress Report.) Instrumentation in the sub
assembly includes fuel-centerline thermocouples in several fuel elements 
and coolant-channel (spacer-wire) thermocouples in several coolant chan
nels. Calculations with the THTB program had been made to predict the 
temperature distribution within the fuel element and capsule in the vicinity 
of the annular-pel let /sol id-pel let interface. These calculations were based 
on the following assumptions: . 

1. The gap conductance of the fuel-cladding interface was 
1000 Btu/hr-ft^-°F. 

2. The thermal conductivity of the fuel was given by the 
equation* 

k = 0.013 + 0.4848 - 0.4465(TD)] T* 

where k is in w/cm-°C, TD is the percent of theoretical density of the fuel, 
and T is in °C. 

3. The solid pellets, which ended at 8.1 in. from the bottom of 
the fuel column, had a density 96% of theoretical . 

4 . The a n n u l a r p e l l e t s , wh ich began a t 8.1 in . f r o m the b o t t o m 
of t he fuel c o l u m n (6.1 in . f r o m the top of the co lumn) , had a d e n s i t y of 94% 
of t h e o r e t i c a l . 

''Asamoto, R. R., Anselin, F. L., and Conti, A. E., The Effect of Density on the Thermal Conductivity of 
riraniiim n inx lde . r,RAP-.S49,'! (April 1968). 
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5. The volumetric heat-generation rate in the annular pellets 
was 95.8% of that in the solid pellets . Two percent of the reduction in the 
rate in the annular pellets was due to the lower density, and another 2% was 
due to the axial flux distribution. 

6. The volumetric heat-generation rate in the solid pellets was 
that at the axial elevation X / L = 0.55. At 50 MWt, this corresponded to the 
linear power rates given below for the various elements containing fuel-
centerline thermocouples: 

Linear Power Rate 
at 50 MWt, kw/ft 

Element No, ( X / L = 0.55) 

1 
2 

3 
7 

10 
15 
17 

9.50 
9.64 

9.76 
9.64 
9.27 
9.14 

8.78 

Fifteen radial nodes were used, ten in the fuel region and 
one each in the gas gap, element cladding, sodium bond, capsule wall, and 
flowing sodium. Nineteen axial nodes were used, 1 3 in the 0.592 in. above 
the annular-pellet/solid-pellet interface (in the annular-pellet region) and 
6 in the 0.206 in. of solid-pellet region below the interface. No axial heat 
transfer was allowed across either axial boundary, although axial heat 
transfer did occur within the length containing the 19 nodes. Sufficient 
axial distance was taken on either side of the interface between pellet 
regions to make axial heat transfer negligible near the thermocouple 
location at the top of the annular-pellet region. 

Results of the calculations are plotted in Fig. I.E.4, which gives 
expected thermocouple temperature versus linear power for the assumed 
gap conductance of 1000 Btu/hr-ft^-°F as well as for gap conductances of 
750, 1250, and 1500 Btu/hr-ft^-°F. Also plotted in Fig. I.E.4 a re the 
readings of the seven fuel-centerline thermocouples, which were taken at 
nine power-level increments on the approach to 50 MWt. The thermocouple 
readings were consistently lower than predicted and were also in a con
sistent pattern from one power level to the next. 

, '^^^ spread of readings at each power level along the abscissa 
(the linear-power axis) results from the elements being located in a flux 
gradient. The temperature values at any power level a re consistent, with 
two exceptions. Element 15 consistently records a higher tempera ture than 
might be expected. The second exception relates to Elements 2 and 7. These 
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elements a re symmetrical ly located. Element 7 has a xenon tag, and 
Element 2 contains helium without xenon. One would expect the thermo
couple in Element 2 to read lower than that in Element 7, but the opposite 
is consistently t rue . 

ELEMENT 

« 1 
• 2 
fi 3 
o 7 
0 10 

kw/ft AT X/L=0.55 
(50 MWt) 

9.50 
9.64 
9.76 
9.64 
9.27 

CONDUCTANCE(C) 
Btu/hr-ft^-'F 

LINEAR POWER, kW/ft 

Fig. I.E.4. Calculated and Measured Centerline Temperatures in Fuel Elements 
of the Test-2 Instrumented Subassembly at Various Reactor Powers 

The c a l c u l a t e d t e m p e r a t u r e s in o the r po in t s in the fuel a r e 
c o n s i d e r a b l y h i g h e r than the f u e l - c e n t e r l i n e t h e r m o c o u p l e s i n d i c a t e d . 
Tab le I .E . 14 g ives the t e m p e r a t u r e s at t h r e e poin ts in the e l e m e n t , a t 
d i f fe ren t l i n e a r power r a t i n g s , as ca l cu l a t ed us ing the a s s u m p t i o n s g iven 
e a r l i e r . The t h r e e po in t s c o n s i d e r e d a r e the fuel ad jacen t to the t h e r m o 
couple , the c e n t e r of the sol id pe l l e t d i r e c t l y u n d e r the t h e r m o c o u p l e (but 
a p p r o x i m a t e l y l / 2 in. away) , and the c e n t e r of the sol id pe l l e t an a d d i t i o n a l 
0.2 in . away . (The l a s t t e m p e r a t u r e i s l i s t ed in the t ab l e a s the m a x i m u m 
t e m p e r a t u r e of the fuel .) It can be s e e n that t h e r e i s about a 500°F d i f f e r 
ence b e t w e e n the m a x i m u m fuel t e m p e r a t u r e and the t h e r m o c o u p l e r e a d i n g . 
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TABLE I .E. 14. Ca l cu l a t ed T e m p e r a t u r e s (°F) of F u e l a t V a r i o u s 
Loca t ions in F u e l E l e m e n t in I n s t r u m e n t e d S u b a s s e m b l y 

Linear Power 
(kW/ft) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Temperature 
of Fuel at 

T / C Elevation 

883 
1072 
1266 
1467 
1676 
1891 
2111 
2337 
2570 
2807 

Temperature 
of Fuel at 

Top Center 
Solid Pellet 

909 
1125 
1350 
1584 
1827 
2078 
2336 
2603 
2878 
3156 

Maximum 
Temperature 

of Fuel 

917 
1142 
1377 
1622 
1879 
2144 
2419 
2705 
2999 
3297 

F i g u r e I .E .5 plots the m e a s u r e d c o o l a n t - c h a n n e l t e m p e r a t u r e s 
as a function of r e a c t o r p o w e r . The a g r e e m e n t wi th p r e d i c t e d v a l u e s i s 
quite good. The dif ference be tween the t e m p e r a t u r e s in the edge c h a n n e l s , 
as m e a s u r e d by SWTC's 3 and 7, and t h o s e in the i n t e r i o r c h a n n e l s , a s 
m e a s u r e d by SWTC's 10 and 17, t ends to c o n f i r m the va l id i ty of t he r e s u l t s 
of the HECTIC ca l cu la t ions . 

T T T 
THERMOCOUPLE 

• 
A 

0 

• 
A 

a 

SWTC* 

SWTC 

SWTC 

SWTC 

OTC** 

OTC 

3 

7 

17 

10 

14 

5 

*SWTC = SPACER-WIRE THERMOCOUPLE 

' •OTC = OUTLET THERMOCOUPLE 

Fig. I.E.5. Calculated and Measured Coolant-channel (spacer-wire) Temperatures 
in Test-2 Insuumented Subassembly at Various R-̂ -ar̂ rnr Pnw*>rc 
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h. Digital Data-acquisition System (R. W. Hyndman, M. R. Tuck, 
K. D. Tucker, E. W. Laird, and R. A. Call) 

The input patch panel for the digital data-acquisition system 
(DAS) has been received from MAC Panel Co. This panel can handle 
800 shielded-twisted-pair inputs and 320 digital lines to the DAS. Initial 
plans have been made for installing the panel. A prel iminary wiring list 
has been prepared for approximately 215 initial inputs to the patch board 
and from the patch board to the multiplexers. This list will be used to 
make up detailed drawings of the system. A prel iminary breakdown of 
the DAS inputs with respect to scanning rates has been made. The inputs 
are grouped for scanning at rates of 0.5, 1.0, 5.0, and 30.0 sec and of 
1 and 5 min. 

The following prel iminary decisions have been made with 
regard to DAS software and core allocation: 

1. All subroutines must be re-entrant . 

2. Absolute and computed limits for input points will be stored 
in two separate tables in the core. 

3. A table of offset voltages for DAS inputs will be held in the 
core. 

4. A table of computed values useful to many codes will be 
maintained in a common area of the core. 

A means for effective signal isolation between the DAS and the 
other EBR-II instrumentation is being sought for initial utilization. One 
approach is to place res i s to rs of 100 kohms (max) in each leg carrying 
cr i t ical signals to the DAS so that even a complete short circuit of the 
signal lines at the DAS will not affect other plant instrumentation. 

i. Reactivity Effect of Radial Movement of Nickel Reflector in 
EBR-II (D . Meneghetti and K. E. Phillips) 

The reactivity effect of radial movement of a nickel reflector 
surrounding an EBR-II core has been calculated. The calculation simulates 
the possible movement of nickel reflector mater ia l within the clearance in 
the subassembly can, which is provided for assembly and for accommodating 
swelling of fuel during irradiat ion. The radial movement from inward to 
outward posi t ionwere assumed to be 0.158 cm, which is about a 3% move
ment relative to the thickness of the nickel slug. In the calculation, it was 
assumed that all the nickel slugs in the subassemblies of the f irs t two rows 
of reflector moved in unison radially. The third and fourth rows of the 
nickel reflector and the surrounding additional four rows of depleted-
uranium blanket were assumedto remain immobile. Only the effects of the 
physical displacements were considered, i.e., possible simultaneous va r i 
ations in dimensions and compositions due to temperature effects were not 
considered. 
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The one-dimensional SNARG transport code was used with six-
group cross-section set 23806 in cylindrical geometry. Axial leakages 
were accounted for by use of group-dependent leakage-absorption cross 
sections corresponding to core composition, homogenized nickel-ref lector 
composition, and depleted-blanket composition. 

The reactivity effects calculated in Sj, S4, and S4 approximations 
were: -0.042% Ak/k, -0.045% Ak/k, and -0.046% Ak/k, respectively, for the 
gross simultaneous movements described above. 

J- Operation of EBR-II at 62.5 MWt in Run 38A (R. A. Cushman) 

During Run 38A, the power level of EBR-II was increased in 
two increments: first, from 50 to 56 MWt and then, two days later, from 
56 to 62.5 MWt. The core loading for the run differed from the usual 
recent irradiation loadings (Run 29C through Run 37) using the radial 
depleted-uranium blanket. Except for a portion of Run 32, three s t ructura l 
experiments were in Row 2 in all recent runs. For Run 38A, three sub
assemblies simulating structural experiments were located on Row-3 flats. 
The four Row-3 corner positions that did not contain safety rods were 
occupied by half-worth subassemblies. In effect, the seven standard dr iver 
subassemblies in Rows 1 and 2 were virtually surrounded by a ring of 
stainless steel in Row 3. The seven standard dr iver subassemblies were 
intentionally located in Rows 1 and 2 as part of a special investigation 
relating to temperature prediction in EBR-II. Because of their reduced 
coolant flow rates, all reduced-flow subassemblies (Rows 2 and 3) were 
removed prior to Run-38 startup. These included both Mark-I and Mark-II 
fuel subassemblies. Only two structural i rradiat ion experiments were 
left in the core. These were located in Row 5. 

1 

-

-

-

— y 

l l l l 

RUN '^^yy^ 

y ^ ^ U N 38A 

l l l l 

1 

-

-

-

-

REACTOR POWER, MWt 

Fig. I.E.6. Curves Comparing Initial Power-
Reactivity Decrement in 
Runs 37 and 38A 

The effect of the r e v i s e d c o r e 
loading (Run 38A v e r s u s Run 37) on the 
power coeff ic ient was r e f l e c t e d by an 
o v e r a l l d e c r e a s e in the P R D . F o r 
e x a m p l e , the P R D at 50 MWt in Run 38A 
was a p p r o x i m a t e l y 10 Ih s m a l l e r than 
tha t m e a s u r e d at 50 MWt du r ing the R u n - 3 7 
s t a r t u p ( see F i g . I .E . 6). Since the s lope 
of the m e a s u r e d P R D c u r v e for Run 38A 
was e s s e n t i a l l y i ndependen t of r e a c t o r 
p o w e r , it i s r e a s o n a b l e to conc lude tha t 
the d e c r e a s e in the PRD w a s not p e r s e 
a c o n s e q u e n c e of h i g h e r - p o w e r o p e r a t i o n . 
I n s t ead , t he d e c r e a s e is b e l i e v e d to be 
the r e s u l t of the r e m o v a l of the c o n t r o l l e d -
flow s u b a s s e m b l i e s and a p o s s i b l e 



57 

d e c r e a s e in n e g a t i v e , m e c h a n i c a l l y o r ig ina t ed feedback e f fec t s . The s l igh t , 
bu t p e r c e p t i b l e , i n c r e a s e in the s lope of the PRD c u r v e for power l eve l s 
above 50 MWt h a s b e e n t e n t a t i v e l y a s s o c i a t e d wi th the h i g h e r f u e l - e x p a n s i o n 
coef f ic ien t wh ich r e s u l t e d f r o m an i n c r e a s e in the f r a c t i o n of fuel m a t e r i a l 
in the h i g h e r - t e m p e r a t u r e g a m m a p h a s e above 50 MWt. 

M e a s u r e d c o n t r o l - r o d w o r t h s dur ing Run 38A w e r e a p p r o x i m a t e l y 
6-8% s m a l l e r than t hose for p r e v i o u s r u n s , and a 25% r e d u c t i o n in the w o r t h 
of the e x p e r i m e n t a l s t a i n l e s s s t e e l d rop rod was no ted . The r e d u c t i o n in 
d r o p - r o d w o r t h was the c o n s e q u e n c e of locat ing X 0 2 1 B (a s t r u c t u r a l e x p e r i 
men t ) next to t he d r o p rod . 

The r e s u l t s of p h y s i c s c a l cu l a t i ons for the Run-38A conf igu ra t ion 
c l a r i f i ed the d i f f e r e n c e s noted in c o n t r o l - r o d w o r t h s r e l a t i v e to p r e v i o u s 

r u n s . The i n c r e a s e d s t e e l content of 
Row 3 c a u s e d a change in the r a d i a l f i s s i o n -
r a t e d i s t r i b u t i o n for Run 38A a s c o m p a r e d 
wi th d i s t r i b u t i o n s in p r e v i o u s l o a d i n g s . 
Such effects a r e i l l u s t r a t e d in F i g . I . E . 7 . * 
An add i t iona l c u r v e h a s b e e n added; t h i s 
g ives the r e s u l t s of D O T - 5 X - Y c a l c u l a t i o n s 
for the r a d i a l f i s s ion d i s t r i b u t i o n for the 
a c t u a l loading for Run 38A. As the f igu re 
shows , the ca l cu l a t ed r a d i a l f i s s i on d i s t r i 
but ion in 38A i s d i f fe ren t f r o m t h a t m e a s u r e d 
in Run 29D. The l a r g e r m a x i m u m - t o -
a v e r a g e f i s s i o n - r a t e r a t i o in Run 38A i s 
the c a u s e of the m e a s u r e d r e d u c t i o n in 
con t ro l - r f ld w o r t h r e l a t i v e to p r e v i o u s r u n s . 
The r e a c t i v i t y d e c r e a s e due to b u r n u p of 
fuel t h a t was m e a s u r e d du r ing Run 38A 
was about 0.02 Ih /MWd g r e a t e r t h a n the 
0.12 Ih /MWd g e n e r a l l y r e a l i z e d s i n c e 

' ° RADIUS, cm^° '° R u n 2 9 D . T h e c e n t r a l p e a k i n f i s s i o n r a t e , 

c o u p l e d w i t h t h e g r e a t e r w o r t h of c e n t r a l 

Relative Radial Disttibution of s u b a s s e m b l i e s , r e s u l t e d i n a l a r g e r 

Fission Source in EBR-II r e a c t i v i t y - b u r n u p c o e f f i c i e n t . 

„ 

~ 

_ 
PROPOSED 

1 1 

v\ \ \ 

RUN-29D Y 
CORE-MEASURED \ 

. ACTUAL RUN-38A 
LOADING-CALCULATED 
WITH DOT-5 

1 

-

\ 

\ ' 
\ 
\ -

62.5-MWt CORE-CALCULATED \ \ \ 
WITH DOT-5 

- WITHOUT EXPERIMENTS 
-WITH EXPERIMENTS 

1 1 

V' 

\ \ 
1 

Fig. I.E.7. 

T h e t e m p e r a t u r e s i n d i c a t e d b y c o r e - o u t l e t t h e r m o c o u p l e s w e r e 

f o u n d t o l i e w i t h i n t h e a l l o w a b l e r a n g e of v a l u e s p r e d i c t e d f r o m m e a s u r e 

m e n t s m a d e a t 50 M W t . O v e r t h e r a n g e f r o m 50 t o 6 2 . 5 M W t , a l l t h e r m o 

c o u p l e r e a d i n g s i n c r e a s e d l i n e a r l y w i t h r e s p e c t t o p o w e r . T h e r e a d i n g s of 

o u t l e t t h e r m o c o u p l e s i n R o w s 1 a n d 2 ( w h i c h c o n t a i n e d s e v e n s t a n d a r d 

d r i v e r s u b a s s e m b l i e s ) w e r e u s e d t o p r o v i d e d a t a f o r r e l a t i n g p o w e r , f l o w , 

a n d t e m p e r a t u r e . T h e o u t p u t s of a l l s e v e n t h e r m o c o u p l e s w e r e c o n s i s t e n t 

*The loading diagrams for the two proposed 62.5-MWt cores are presented in a report to be published: 
Cushman, R. A., et al., Proposal for EBR-11 Operation at 62.5 MWt (ANL/EBR-012). Figure 1 of that report 
.ihows the loading with no experiments in core, and Fig. 2 shows the loading with experiments in the core. 
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within an envelope of 11°F. The temperature data suggest that the e r r o r in 
existing power-flow calculations is approximately 2-4% for the cases ana
lyzed. Calculated subassembly-outlet temperatures were up to 10°F higher 
than measured temperatures. When the influence of adjacent subassemblies 
is considered, the discrepancy decreases to about 7°F for the cases studied. 
If the predicted subassembly flows were slightly too high, or if some com
bination of these possibilities were to occur, approximately a 4% change in 
the ratio of power density to subassembly flow would effect a reasonable 
agreement between measured and predicted tempera tures . 

The calculated DOT X-Y fission distribution for Run 38A was 
used in two different programs (POWDIST and COOLTEMP) to determine 
power generation and temperature distributions in the core. The POWDIST 
program considers the average radial f ission-rate distribution and deter 
mines the power produced by driver subassemblies located in the various 
core positions (e.g., 2N1, 4N1, and 4N3) assuming that only "effective" 
subassemblies (i.e., those containing the amount of fuel equivalent to a 
driver subassembly) are used. It is quite possible that no subassembly 
actually produces its designated power, because variations in fuel loadings, 
burnup, and flux asymmetry are not considered by POWDIST. COOLTEMP, 
on the other hand, can utilize the detailed power distribution provided by 
DOT and thus calculates the power actually produced by each subassembly, 
whether driver, control or safety rod, or experiment. The differences 
between the POWDIST and COOLTEMP resul ts are evident from a scrutiny 
of data summarized in Tables I.E.15 and I.E.16. Table I.E.15 compares the 

TABLE I.E.15. Predicted Power Distribution (kW per driver-fuel 
subassembly) for Various Cores at 62.5 MWt 

Core 
Position 

INl 

2N1 

3N1 

3N2 

4N1 

4N2, 3 

SNl 

5N2, 4 

5N3 

6N1 

6N2, 5 

6N3, 4 

Number of 
"Effective" 
Subassemblies 

Case IB 
(Fig. 1 in 

A N L / E B R - 0 1 2 ) 

960 

935 

886 

902 

799 

835 

671 

725 

744 

515 

583 

613 

76.8 

Actv 

(by 

lal Run-
Loading 

38A 

POWDIST) 

1024 

997 

914 

940 

820 

853 

694 

751 

769 

532 

604 

639 

73.8 

Ac 

(by 

tual Run-38A 
Loading 

COOLTEMP) 

1022 

996 

-
939 

813 

849 

-
753 

-
532 

604 

635 

73.8 
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TABLE I,£.16. Results of COOLTEMP Calculations for the Actual 
Run-38A Loading at 62.5 MWt 

C o r e 
P o s i t i o n 

l A l 
2A1 
2B1 
2C1 
2D1 
2E1 
2F1 

S u b a s s e m b l y 
P ower (kW) 

1022.4 
1010.8 

981.9 
972.7 
997.0 

1007.1 
1008.3 

T< 
T. 

err 
op 

i p e r a t u r e 
of F u e l (' 

882.5 
880.4 
875.3 
873,6 
878.0 
879.8 
880.0 

at 
' F ) 

Coolant 
T e m p e r a t u r e 
T 

at 
op of Blanket 

(°F) 

882.2 
880.5 
874.1 
873.2 
878.1 
879.6 
879.5 

M e a s u r e d 
Outlet 

T e m p e r a t u r e 
(°F) 

872 
875 
869 
875 
873 
880 
873 

power-production predictions for driver subassemblies in various core 
positions, assuming a fission distribution which depends on radial position 
only. It gives resul ts for the proposed core loading from A N L / E B R - 0 1 2 , 
the actual Run-38A loading as calculated by POWDIST, and those obtained 
by averaging the COOLTEMP results for driver subassemblies in the 
various core positions. Table I.E.16 i l lustrates the variation in power 
production in Row 2, which contained only driver subassemblies. This 
variation is caused principally by angular asymmetry in the core (Sectors C 
and D were in the depressed flux positions of the core loading; see 
Fig. I.E.S). Table I.E. 16 also gives the temperatures predicted by 
COOLTEMP and compares these with the outlet-thermocouple temperature 
measurements for Ro^vs 1 and 2. 

k. Effect of Circumferential Temperature Distribution in a 
Subassembly Can on Bowing (L>. K. Chang) 

As reported in the Progress Report for November 1969 
(ANL-7640, pp. 61-62), the differential equation of a thermally bowed 
hexagonal subassembly can be written as 

dV _ C(z,j)aAT(z) 
d ^ D • 

where j is the number of the row where the subassembly is located, and the 
other t e rms are as described in ANL-7640. The value of C depends on 
temperature distribution around the circumference of the subassembly can. 
Details of this temperature distribution are not available at this t ime. 
However, the approximate temperature distributions as a function of the 
azimuthal angle (9) in r-9 coordinates can be expressed by curves A and B 
in Fig. I.E.9, The values of C for temperature functions A and B are 0.72 
and 0.76, respectively. 
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Fig. I.E.8. Loading Diagram for EBR-II Run 38A. CODE: B--Depleted Uranium; BETH--Berymum 
Thimble; C--Control Rod; CF--Controlled-flow Subassembly; D--Driver Fuel; 
Ni--Nickel-corrosion Subassembly; P--1/2 Driver Fuel - 1/2 Stainless Steel; S--Safety 
Rod; SSCR--Stainless Steel Control Rod; SST--Stainless Steel Thimble; and 
X--Experimental Subassembly. 

A CORE (rows 1-6) 

B BLANKET AND/OR REFLECTOR 
(rows 7-15) 

-J 1 1 L_ 

Fig. I.E.9 

Asymmetric Temperature Distribution around 

the Circumference of a Subassembly Can 

— JL "" 2 5 

AZIMUTHAL ANGLE ( f l ) 
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1. Flow Calibration of Experimental Subassemblies, Using Argon 
as the Modeling Fluid (A. Gopalakrishnan) 

P r e s s u r e - d r o p calculations for air flow through a 91-element 
EBR-II subassembly have been made to determine the range of inlet p r e s 
sures and flow rates to be used in some planned flow-modeling tes t s . 
Results were obtained by solving the following set of coupled, f i r s t -order 
conservation equations on the I B M / 3 6 0 computer, using the CSMP code: 

Continuity: rh = pAV = constant 

dT / V \ dV 1 
Energy: ; r - -f 

Momentum: 
4fpV^ 

dx ^^gcJCp/dx 

Vdx/fric 

/ d p \ _ -pV/dV>^ 

Vdx/j^ '^gc 

state: p = pRT. 

In these equations, p, V, and T are , respectively, the local density, velocity, 
and temperature of the gas, and q is the linear heat rate along the flow 
direction x. • 

Results calculated for air flow with inlet p ressure pĵ j = 100 psia 
and with negligible wall heating in the channel are given in Table I.E. 17 for 
five different values of Reynolds number. As expected, the static head 
losses a re negligible. In this particular case, the percentage of the total 
p ressure drop due to acceleration is also small, even though there is 
appreciable change in the gas velocity across the channel when the flow 
rate is high. 

TABLE I.E.17. Calculated Air Flow through 91-element Subassembly 

(pin = 100 psia) 

Reynolds No. 
(x 10-") 

1 
2 
3 
4 
5 

Volume Flow 
Rate (scfm) 

158,0 
316.0 
474 .0 
632.0 
790.0 

^ P f r i c 
(psi) 

0.90 
3.16 
6.69 

11.52 
17.84 

^ P a c c l 
(psi) 

-0 .0 
0.01 
0.06 
0.20 
0.52 

APh 
(psi) 

0.02 
0.02 
0.02 
0.02 
0.02 

Vin 
(fps) 

29.0 
58.0 
87.0 

116.0 
145.0 

Vout 
(fps) 

29.2 
59.9 
93.2 

131.3 
177.4 

Tou t 
("F) 

70.0 
70.0 
69.9 
69.7 
69.1 
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The initial air-flow tests a re planned for a variety of different 
subassemblies, with inlet air p re s su res in the range from 20 to 100 psia, 
using an out-of-pile subassembly-flowtest facility. 

m. Development of the MELT-II Code (R. H. Shum and L. B. Miller) 

A provisional version of the MELT-II code has been adapted for 
use with the IBM 36o/75 computer. Srnall differences between the resul ts of 
a sample problem provided with the code and the resul ts computed on the 
360 are being investigated. Input data are being generated to repeat a 
reactivity-feedback calculation on a wet-cr i t ica l EBR-II configuration that 
was studied earlier with the MELT-I code (see P rog re s s Report for 
Nov 1969, ANL-7640, p. 63). More detailed input is required for the 
MELT-II calculation, e.g., a program for l eas t - squares fitting is being 
used to obtain coefficients for polynomial expressions of the heat capacities 
of fuel and cladding. 

n. Safety Evaluation of the 0-3 Group of Mixed-oxide Fas t - r eac to r 
Fuel Elements for Irradiation in EBR-II at 143% of Full Power 
and 10 at. % Burnup ( L . K. Chang) 

The temperature distributions in these fuel elements were 
calculated with the equations given by Golden,* and the p r e s s u r e and thermal 
hoop stresses were obtained by assuming that the gas is ideal and that the 
temperature gradient through the cladding thickness is constant. Two cases 
are being considered in the present evaluation: 

1. Reduction in wall thickness of the cladding caused by fuel-
cladding interaction and allowance for a 1.4-mil defect a re neglected. 

2. The depth of a p o s s i b l e f u e l - c l a d d i n g i n t e r a c t i o n i s a s s u m e d 
to be 4 mi l s in addi t ion to a 1 .4 -mi l a l l o w a n c e for defec t . 

In Case 1, the c a l c u l a t e d i n n e r and o u t e r c l add ing t e m p e r a t u r e s 
were 761.5 and 714.5°C, r e s p e c t i v e l y . The c o r r e s p o n d i n g hoop s t r e s s 
resul t ing f rom i n t e r n a l f i s s i o n - g a s p r e s s u r e was 8000 p s i , and the t h e r m a l 
hoop s t r e s s was 13,600 p s i . The p r e s s u r e s t r e s s i s be low the y i e ld s t r e n g t h 
(about 13,000 p s i for Type 316 s t a i n l e s s s t e e l ) , but the c o m b i n e d t h e r m a l and 
p r e s s u r e s t r e s s i s above the y ie ld s t r e n g t h a t s o m e poin t in the c l add ing . 
According to Mi l l e r ,** yie ld and g r o w t h wi l l o c c u r only on the f i r s t t h e r m a l 
cycle. 

^^Golden, G. H., Heat-transfer Equations for LIFE, internal memo (Dec. 26, 1969). 
Miller, D. R., Thermal-stress Ratchet Mechanism in Pressure Vessels, Trans. ASME 81, Series D, No 2 
(June 1959). ' ~ 
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In C a s e 2, the i n n e r c ladding t e m p e r a t u r e was 726°C and the t e m 
p e r a t u r e d i f f e r e n c e t h r o u g h the t h i c k n e s s 25°C. The p r e s s u r e and t h e r m a l 
hoop s t r e s s e s w e r e 13,800 and 7,200 p s i , r e s p e c t i v e l y . The p r e s s u r e s t r e s s 
e x c e e d s the y ie ld s t r e n g t h of the m a t e r i a l (13,500 ps i ) , and r e p e t i t i v e 
loading could p r o d u c e c ladding f a i l u r e . Although e x p e r i m e n t a l fa t igue da ta 
at t h i s t e m p e r a t u r e a r e not a v a i l a b l e , it i s be l i eved un l ike ly tha t the c ladding 
wil l f a i l a t l e s s than 2000 c y c l e s . 

o. T e m p e r a t u r e D i s t r i b u t i o n in a M e c h a n i c a l l y Mixed Oxide F u e l 
(R. K. Lo) 

The t r a n s i e n t - h e a t - t r a n s f e r c o m p u t e r code THTB was u s e d to 
d e t e r m i n e the t e m p e r a t u r e d i s t r i b u t i o n in h e t e r o g e n e o u s UO2-PUO2 fuel for 
the c a s e of a p o w e r b u r s t following a pos tu l a t ed a c c i d e n t a l i n s e r t i o n of an 
E B R - I I d r i v e r - f u e l s u b a s s e m b l y at high speed in to a n e a r - c r i t i c a l c o r e . 
The r e a c t o r was a s s u m e d to be t r i p p e d on a 2 5 - s e c p e r i o d . The fuel r od 
c o n s i d e r e d w a s 0.25 in. in d i a m e t e r , the c ladding was 0.015 in. th ick , the 
PUO2 p a r t i c l e s w e r e 20 ^ m in s i z e , and the UO2 p a r t i c l e s 500 / im. The 
con tac t c o n d u c t a n c e be tween PUO2 and UO2 p a r t i c l e s was t a k e n a s 4000 B t u / 
h r - f t ^ - ° F , and t h a t be tween UO^ p a r t i c l e s and the c ladding a s 1500 B t u / h r -
f t^-°F. The h e a t - t r a n s f e r coeff ic ient be tween flowing sod ium and c ladding 
was 1400 B t u / h r - f t ^ - ° F , and the l i nea r hea t g e n e r a t i o n w a s 16 kW/f t . 

A s s u m i n g tha t the fuel was loca ted in Row 1 and tha t a l l 
u r a n i u m w a s ^^^U, the r e l a t i v e power dens i t y in the p lu ton ium was c a l c u l a t e d 
to be 74.2%, and tha t in the u r a n i u m to be 25.8%. (The v o l u m e t r i c hea t 
g e n e r a t i o n of PuOz p a r t i c l e s was 4.695 x 10^ B t u / h r - f t ' , and tha t of UO2 
p a r t i c l e s was 1.633 x 10° B t u / h r - f t ' . ) Using the power t r a c e shown in 
F i g . I .E . 10 (as compu ted f r o m the AIROS I I -A code) and the p h y s i c a l da t a 
out l ined above a s input to the T H T B code, the t e m p e r a t u r e d i s t r i b u t i o n in 
the PUO2 and UO2 p a r t i c l e s was obta ined . The c a l c u l a t e d v o l u m e - w e i g h t e d 
a v e r a g e t e m p e r a t u r e s a r e shown in F i g . I .E . I 1. F o r th i s c a s e , t he v o l u m e -
weigh ted t e m p e r a t u r e of PUO2 is a l m o s t exac t ly tha t of the UO2. 
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Fig. I.E.10 

Power Burst Following a Postulated Insertion of an 
EBR-II Central Driver-fuel Subassembly at High 
Speed into a Near-critical Core 
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Fig. I.E.ll 
Calculated Transient Average Temperatures for 
a Power Burst Following a Postulated Insertion 
of an EBR-II Central Driver-fuel Subassembly 
at High Speed into a Near-critical Core 

p . EBR-I I R e a c t o r Safety A n a l y s e s (A. V. C a m p i s e ) 

Dynamic s y s t e m s tud ies a r e being m a d e to e v a l u a t e t he r e s p o n s e 
of the EBR-I I p ro t ec t i ve s y s t e m to o p e r a t i o n a l a b n o r m a l i t i e s in t he p r i m a r y 
sys t em. The s tudies cover pos tu l a t ed even t s wh ich m a y c a u s e t he o p e r a 
t ional se t -po in t s for flux, flow, and t e m p e r a t u r e to be a p p r o a c h e d or e x c e e d e d . 
The a s sumpt ions on which t h e s e s tud i e s a r e b a s e d a r e : 

1. The dynamic feedback m o d e l i s i d e n t i c a l wi th the 8 - c h a n n e l 
fue l -e lement mode l which gave e x c e l l e n t a g r e e m e n t wi th da t a f r o m E B R - I I 
r o d - d r o p e x p e r i m e n t s . 

2. The pos tu la ted a b n o r m a l cond i t ions of o p e r a t i o n a r e t h o s e 
original ly c h a r a c t e r i z e d in ANL-5719 and i t s A d d e n d u m . * 

3. The capab i l i t i e s of the v a r i o u s e x p e r i m e n t a l - i r r a d i a t i o n 
and d r i ve r - fue l e l emen t s unde r t r a n s i e n t cond i t ions a r e c h a r a c t e r i z e d on 
the bas i s of expected t h r e s h o l d s for d a m a g e (e .g . , u r a n i u m - s t a i n l e s s s t e e l 
eutect ic t e m p e r a t u r e , fue l -me l t i ng t e m p e r a t u r e , and s o d i u m - b o i l i n g 
t e m p e r a t u r e ) . 

4. The m a r g i n s ( i . e . , the d i f f e r e n c e s b e t w e e n the c a p a b i l i t i e s 
under t r ans i en t condit ions and the o p e r a t i n g s e t - p o i n t s ) u s e d t o c h a r a c t e r i z e 
tlie se t -po in t s re f lec t the known u n c e r t a i n t i e s in d y n a m i c s i m u l a t i o n , fue l -
element fabr icat ion, and r e s p o n s e of p r o t e c t i v e - s y s t e m s e n s o r s . 

5. The r e s p o n s e t i m e s of the p r o t e c t i v e s y s t e m s c o v e r the 
? M f % ° ; , r ^ ' ' ^ ^ r e p o r t e d in the P r o g r e s s R e p o r t for S e p t e m b e r 1969. 
AlNL-/bl8, pp. 44-4^_ 

6. Reac t iv i ty w o r t h s of c o n t r o l , sa fe ty , and d r i v e r - f u e l s u b 
a s s e m b l i e s a r e cons i s t en t with r e c e n t t y p i c a l m e a s u r e m e n t s . 

respect̂  Vl~ ~" "^^'"'^ Summary Report. EBR-II ANL-5719 and Addendum (May 1957 and June 1962, 
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P r e l i m i n a r y r e s u l t s of one of t h e s e d y n a m i c s t u d i e s a r e p r e 
s en t ed h e r e . 

(i) Safety Rods D r i v e n in to a N e a r - c r i t i c a l R e a c t o r . This 
h y p o t h e t i c a l s y s t e m mal func t ion is pos tu l a t ed to occur u n d e r cond i t ions of 
r e d u c e d p r i m a r y - c o o l a n t f low.* The event i s be ing s tud ied to d e t e r m i n e 
how the p r o t e c t i o n for h igh o u t l e t - c o o l a n t t e m p e r a t u r e would r e s p o n d . 
F i g u r e I .E .12 shows the power and r e a c t i v i t y i n c r e a s e s following the i n 
s e r t i o n of t he sa fe ty r o d s . The s y s t e m r e a c t i v i t y a l r e a d y i s d e c r e a s i n g 
at the poin t of a t r i p for high coolant t e m p e r a t u r e , thus d e m o n s t r a t i n g t he 
i n h e r e n t s t a b i l i t y of the E B R - I I c o r e to c r e d i b l e r e a c t i v i t y i n s e r t i o n s . 
F i g u r e I .E .13 shows s o m e of the peak f u e l - e l e m e n t c e n t e r l i n e t e m p e r a t u r e s 
du r ing and fol lowing a h i g h - c o o l a n t - t e m p e r a t u r e t r i p . P e a k fuel t e m p e r a 
t u r e s do not a p p r o a c h p o s t u l a t e d d a m a g e t h r e s h o l d s ( i . e . , m e t a l - f u e l t e m 
p e r a t u r e equa l s 1834°F, and ox ide- fue l t e m p e r a t u r e equa l s 5074°F). The 
d e l a y - t i m e r e s p o n s e for the p r o t e c t i v e c i r c u i t s involving a h i g h - c o o l a n t -
t e m p e r a t u r e t r i p w e r e v a r i e d wi th in the r a n g e of v a l u e s m e a s u r e d in the 
r e c e n t t e s t s r e p o r t e d in A N L - 7 6 1 8 . The s e t - p o i n t was held cons t an t a t 
940°F for 62 .5 -MWt o p e r a t i o n . 

n \ r~ 
-OUTLET TEMPERATURE 

OF SODIUM COOLANT 
= 940"? 

1 1 1 1 I \ 

OUTLET TEMPERATURE OF SODIUM C00LANT = 940°F 

REACTOR TRIP-

I 

Fig. I.E.12 

Increase in Power and Reactivity Following a Postu
lated Insertion of Safety Rods into a Near-critical 
EBR-II Core with Reduced Primary-coolant Flow 
and a 3.5-sec Time Delay (tp) in the Trip for 
Outlet Coolant Temperature 

Fig. I.E.13 

Peak Fuel Temperatures Following a Postulated 
Insertion of Safety Rods into a Near-critical 
EBR-II Core with Reduced Primary-coolant Flow 
and a 3.5-sec Delay (tp) in the Trip for the 
Outlet Coolant Temperature 

D e p i c t e d i n F i g . I . E . 1 4 a r e t h e p e a k t e m p e r a t u r e s of d r i v e r -

f u e l c l a d d i n g , a s s u m i n g a 3 . 5 - s e c a n d a 4 . 0 - s e c d e l a y (tj^) i n t h e h i g h -

c o o l a n t - t e m p e r a t u r e t r i p . A l s o s h o w n i s t h e u r a n i u m - s t a i n l e s s s t e e l 

*The postulate regarding the occurrence of this event assumes the very unlikely simultaneous malfunction 
of fuel-handling and reactor-monitoring activities. 



66 

eutect ic t e m p e r a t u r e . F o r a d e l a y r e s p o n s e t i m e of 4.0 s e c in the h i g h -
c o o l a n t - t e m p e r a t u r e t r i p c i r c u i t , the peak c ladding t e m p e r a t u r e n e v e r 
exceeds 1150°F and i s 169°F below the u r a n i u m - s t a i n l e s s s t e e l e u t e c t i c 
t e m p e r a t u r e . F i g u r e I .E .15 shows the p e a k t e m p e r a t u r e of d r i v e r - f u e l 
cladding as a function of the d e l a y r e s p o n s e t i m e in the h i g h - c o o l a n t -
t e m p e r a t u r e t r i p c i r c u i t . T h e s e t e m p e r a t u r e s r e m a i n below the u r a n i u m -
s ta in less s t ee l eu tec t i c t e m p e r a t u r e for the i n i t i a l r a n g e of r e s p o n s e t i m e s 
s tud ies . 

' l ] \ 1 \ T " 
URANIUM-STAINLESS STEEL EUTECTIC ' IS ra -F 

Fig. I.E. 14 

Peak Temperature of Driver-fuel Cladding Following 
a Postulated Insertion of Safety Rods into a Near-
critical EBR-II Core with Reduced Primary-coolant 
Flow 

Fig. I.E.15 

Peak Temperature of Driver-fuel Cladding as a 
Function of Delay Response Time in the Trip 
Circuit for High Coolant Temperature 
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The effect of longer d e l a y s than t h o s e c i t ed above in the 
h i g h - c o o l a n t - t e m p e r a t u r e t r i p a r e being s i m i l a r l y e v a l u a t e d . 

The above example r e p r e s e n t s only one wi th in the r a n g e of 
postulated events being ana lyzed . The p r i m a r y ob jec t ive of the s t u d i e s i s 
to use quanti tat ive dynamic a n a l y s i s to r e l a t e p r o t e c t i v e - s y s t e m s e t - p o i n t s 
and r e sponse t i m e s to c u r r e n t and fu tu re e x p e r i m e n t a l - i r r a d i a t i o n c o r e 
loadings. Thus, a quant i ta t ive b a s i s u l t i m a t e l y wi l l be d e v e l o p e d to ident ify 
the in terdependence and i n t e r - r e l a t i o n s h i p s of p r o t e c t i v e - s y s t e m ac t ion , 
t r ans ien t l imi t s , safety m a r g i n s , and m a x i m u m i r r a d i a t i o n p e r f o r m a n c e 
of core cons t i tuents . 
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7. Driver Fuel Development (C. M. Walter) 

a. High Burnup Encapsulated Irradiations (W. N, Beck) 

Last Reported: ANL-7655, p, 76 (Dec 1969). 

(i) Post i rradiat ion Examination of Encapsulated Mark-IA 
Elements BF02 and BF03. Elements BF02 and BF03 were successfully 
i r radiated to a calculated burnup of 3.7 at. % at a maximum cladding tem-
perture of 494°C. The maximum measured increase in diameter of each 
element was 2.2%, of which 0.9% is calculated to be due to cladding swelling. 
The fuel had swollen to make intimate contact with the inside of the cladding 
except in the areas about Ij in. from each end. In these a reas , the fuel was 
separated from the cladding by a 1.8-mil annulus. The fuel column had 
elongated, but was an average of 0.17 in. below the res t ra iner , which is 
twice the separation observed in specimens irradiated to 2.5 at. % burnup. 

The small, localized splits that were found in the claddings 
of elements after postirradiation annealing (reported in ANL 7655) have been 
attributed to the fact that the temperatures- -and, therefore, the p r e s s u r e s - -
in the plenums during the annealing were higher than they were during 
irradiation. Transverse metallographic sections through the splits showed 
considerable thinning of the cladding, thereby indicating that the Type 304L 
stainless steel had retained some ductility. The fuel does not show a tend
ency to expand in the direction of the break; it appears to have been com
pressed instead. The top sections of tubing which were the plenums of 
elements BF02 and BF03 were burst tested at 410°C; they failed at 8825 
and 9175 psi, respectively. The plenum section of an unirradiated Mark-IA 
tube also was burs t tested at 410°C; it failed at 5575 psi. It cannot be 
assumed that measured burs t p ressures of the plenums are the same as the 
p re s su re which caused the splitting of the cladding. The plenums had not 
been in contact with the fuel. 

Examination of polished sections of the fuel revealed no 
unusual s t ruc tures . Neither microtearing nor interlinking of gas bubbles 
was discernible at a magnification of 750X. No reaction zones between fuel 
and cladding were noted. 

The examination is still in progress . A careful study is 
being made of the conditions and propert ies of the cladding. 

b. Fuel and Cladding Surveillance (A. K. Chakraborty and 
G, C, McClellan) 

Last Reported: ANL-7655, p. 77 (Dec 1969). 

(i) Controlled-flow and 70%-enriched Experiments . Controlled-
flow Subassembly E-2188 was removed from the reactor at the end of Run 38, 
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after reaching a ca l cu la t ed m a x i m u m b u r n u p of 1.76 at . %. It con t a ined 
both Mark- IA and M a r k - I B fuel e l e m e n t s . T h i r t y of the f o r m e r and 15 of 
the la t te r have been examined . F u e l - s w e l l i n g da ta for both types of the 
e lements a r e s u m m a r i z e d in Table I .E . 18. 

TABLE I.E.18. Summary of Fabrication and Irradiation Data for 
Controlled-flow Driver-fuel Subassembly C-2188S 

(Calculated Burnup: 1.76 at. % max: 1.57 at. % avg) 

Injection-

Batch No. 

9 511 
9 611 
97II 
98n 

9 511 
9611 
97n 
9 811 

Silicon 
Content 
of Fuel 
(ppm) 

290 
308 
276 
289 

290 
308 
276 
289 

Numb 
of 

Eleme 

3 
4 
7 

16 

2 
2 
1 

10 

er 

nts 

M 

M 

Element 
Burnup 
Range 
(at. %) 

ark IA 

1.69-1.73 
1.71-1.73 
1.70-1.75 
1.67-1.76 

ark IB 

1.71-1.72 
1.70-1.73 

1.74 
1.67-1.76 

Total Volume 
Swelling of Fuel 

(AV/v, %) 

Average 

16.09 
16.33 
16.12 
16.58 

18.78 
20.60 
20.72 
19.40 

Range 

15.72-16.58 
15.96-16.59 
15.56-16.53 
15.80-18.01 

17.72-19.87 
19.67-21.53 

20.72 
17.47-21.20 

The data for the M a r k - I A fuel show a s a t u r a t i o n in the 
fuel swelling occu r r ing at the s a m e A v / v at which d r i v e r fuel i r r a d i a t e d 
under 50-MWt condit ions exhibi ts swel l ing s a t u r a t i o n . This s a t u r a t i o n 
is shown in Fig. I .E. 16. 

"T- "I I I I 1 1 1 1 1 T-
O 5Z%-eNR(CHED FUEL IM CONTHOLLED-FLOW SUBASSEMBLIES ( > 200 ppm SI 1 

^ ^ T0%-EI«ICHEO FUEL 1 > 200 ppm Si) 

••52%-EtBlCHED-FUEL REFERENCE CURVES ^SUBASSEMBLY C-2I88S 
(MARK-IA FUEL) 

euRNUF! at.% 

Fig. I.E.16. Volume Swelling of U-5 wt % Fs Fuel in VO^-enriched and 
Controlled-flow Subassemblies as a Funcc;.-. r: :-_;:'.-. 
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Mark-IB fuel exhibited a higher fuel swelling than the 
Mark-IA fuel. This is attributed to the larger plenum in the Mark-IB 
element. The larger plenum provides more room for the gas. Therefore, 
plenum pressu res are lower at a given burnup, and the p ressure res t ra int 
on the rather compressible U-5 wt % Fs fuel is less . 

Table I.E. 19 summarizes the changes in cladding diameter 
(AD) for controlled-flow Subassembly C-2188S and 70%-enriched Sub
assembly C-2184S. Both went to a maximum burnup of about 1.7 at. %. 
With the exception of elements 25 and 47 in subassembly C-2184S, all the 
AD values are consistent with the values for stainless steel swelling 
alone as calculated from the PNL equation.* 

TABtE t.E.19. Summary of Postirradiation Measurements of ttte Cladding Diameters of Elements from 
Controlled-flow Subassembly C-2188S and 70%-enrictied Subassembly C-2184Sa 

Subassembly 

C-2188Sl> 

C-2184S 

Element 
No. 

3 
6 

11 
50 

17 
25 
38 
10 
5 

47 
20 
7 

13 
26 
2 

Calculated 
Burnup 
(al. * l 

1.76 
1.76 
1.75 
1.72 

1.68 
1.66 
1.65 
1,69 
1.71 
1.63 
1.68 
1.69 
1.69 
1.66 
1.71 

Volume 
Swelling 

of Fuel l%l 

16.3 
16.1 
16.8 
18.0 

12.1 
17.5 
16.0 
15.2 
16.1 
16.7 
13.5 
9.7 
9.7 

16.9 
n.O 

IVIax AD at 
0° Orientation 

(in.l 

0.00000 
0.00O31 
0.00062 
0.00069 

0.00039 
0.00056 
0.00031 
0.00044 
0.00044 
000059 
0.00033 

-0.00O14 
0.00009 
000015 

-0,00005 

Max AD at 
90" Orientation 

(in.) 

0.00049 
000054 
0.00066 
0.00044 

0.00049 
000069 

o.xmi 
0.00041 
0.00021 
0.00044 
000039 

-0.00002 
0.00032 

-0.00O06 
-000021 

Upper 95% Confidence 
Limit of Stainless Steel 

Swell ing Band 

000082 
000082 
000081 
0.00078 

000041 

aoooio 
O.OOOJO 
000041 
000042 
000040 
000041 
0.00041 
0.00041 
000040 
000042 

^Nominal cladding OD is 0174 i n . 
Three more elements from t t i is subassembly are being surveyed. 

(ii) I n s t r u m e n t e d S u b a s s e m b l y (J. R. H o n e k a m p and 
W. N. Beck) 

(a) C o m p a r i s o n of Fue l T e m p e r a t u r e s and P l e n u m 
P r e s s u r e s P r e d i c t e d by SWELL 2D Code with M e a s u r e d Va lues Obta ined 
f r o m the I n s t r u m e n t e d S u b a s s e m b l y . The S W E L L 2D code for fue l -
e l e m e n t l i f e t ime was used to c a l cu l a t e the expec t ed f u e l - c e n t e r l i n e t e m 
p e r a t u r e s and p l e n u m - g a s p r e s s u r e s in the i n s t r u m e n t e d s u b a s s e m b l y 
(XXOl) c u r r e n t l y be ing i r r a d i a t e d in E B R - I I . Since the S W E L L code was 
not d e s i g n e d to t r e a t fuel e l e m e n t s with a c e n t r a l t h e r m o c o u p l e , hand c a l 
cu la t ions w e r e u s e d to c o r r e c t the t e m p e r a t u r e s for this d i f fe rence in 
g e o m e t r y . 

The t e m p e r a t u r e s p r e d i c t e d by S W E L L at the t h e r m o 
couple l o c a t i o n s , c o r r e c t e d for the g e o m e t r y d i f f e rence , r a n g e d f r o m 200 to 
300°C h i g h e r than m e a s u r e d . 

''Claudson, T. T., Pacific Northwest Laboratories, private communication. 
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The a v e r a g e hea t r a t i ng of the fuel e l e m e n t s in the 
ins t rumented s u b a s s e m b l y is in the r a n g e f r o m 8 to 9 k w / f t . At th is low 
heat ra t ing, the SWELL 2D code p r e d i c t s e s s e n t i a l l y z e r o gas r e l e a s e 
during the 17 days of o p e r a t i o n that have b e e n logged to da te and a p l e n u m -
gas p r e s s u r e of 40 p s i a a t the end of the 17 days . The m e a s u r e d p r e s s u r e s 
range f rom 35 to 44 ps ia . (The p r e s s u r e c o r r e s p o n d i n g to 100% gas r e l e a s e 
during the 17 days would be 60 ps i a . ) The a g r e e m e n t be tween m e a s u r e d and 
calculated p r e s s u r e is c o n s i d e r e d v e r y good. 

The t e m p e r a t u r e da ta a r e being e v a l u a t e d to d e t e r m i n e 
the mos t probable s o u r c e of the 200 to 300°C d i f f e r ence . Since the s p a c e r -
wire the rmocoup les which m e a s u r e d the s o d i u m t e m p e r a t u r e in the s u b 
as sembly a r e reading c lose to the va lues p r e d i c t e d by the H E C T I C code , it 
does not appear that al l the d i f fe rence can be a t t r i b u t e d to u n c e r t a i n t y in the 
power genera t ion . Subsequent c a l cu l a t i ons have i nd i ca t ed tha t i n c r e a s i n g the 
conductance of the gap be tween the fuel and c ladding f r o m 700 B t u / h r - f t - ° F , 
as predic ted by the SWELL 2D code , to 1500 B t u / h r - f t ^ - ° F p r o d u c e s good 
agreement with the m e a s u r e d t e m p e r a t u r e s . Gap c o n d u c t a n c e s in th is r a n g e 
a re cons is tent with some of the o b s e r v a t i o n s r e p o r t e d in the l i t e r a t u r e . * 

8. Operation with Fa i l ed F u e l 

Las t Repor ted : A N L - 7 6 4 0 , pp . 73-75 (Nov 1969). 

a. Studies of T r a n s i e n t P e r f o r m a n c e of D r i v e r F u e l 

(i) F u e l - m o t i o n T r a n s d u c e r (A. A. Madson) 

P r e l i m i n a r y t e s t s of the i n s t r u m e n t for de tec t ing 
t empe ra tu r e - i nduced axial mot ion of fuel have b e e n conc luded . The 
ins t rument r e sponse and the r e m o t e m a n i p u l a t i o n of the f u e l - m o t i o n f ix tu re 
were encouraging. 

The fuel e l e m e n t s s e l e c t e d for the t e s t w e r e m a d e f r o m 
vendor - fabr ica ted fuel which had s h o r t e n e d , or s l umped , dur ing i r r a d i a t i o n 
to 0.6 at. % burnup in S u b a s s e m b l y 2178. Each e l e m e n t was p r e p a r e d for 
testing by cutting through its c ladding about l | in. above the fuel and r e m o v 
ing the top end r e s t r a i n e r . The bo t tom spade end was then cut t h rough j u s t 
above the weld of the s p a c e r w i r e . E x c e s s s o d i u m above the fuel was 
removed with a f l a t -bo t tom d r i l l bit . The r e s u l t a n t e l e m e n t has no s p i r a l 
spacer wire and is open, with the fuel exposed , at the top. 

Baily, W. E., et al., "Thermal Conductivity of Uranium-Plutonium Oxide Fuels," Nuclear Metallurgy, 
Vol. 13. International Symposium on Plutonium Fuels Technology (October 1967); Craig, C. N., el al.. 
Heat Transfer Coefficients between Fuel and Cladding in Oxide Fuel Rods, GEAP-5748 (January 1969). 
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-PROXIMETER PROBE 

-FUEL ELEMENT 

As shown in F ig . I .E .17 , the fuel e l e m e n t 
to be t e s t e d is pos i t i oned at the b o t t o m of a 
s t a i n l e s s s t e e l tube . A p u s h r o d fits in to the 
e l e m e n t tube and r e s t s in con t ac t wi th the fuel . 
T h i s p u s h r o d fits into a s p r i n g - l o a d e d p i s ton 
which e n s u r e s that the p u s h r o d wi l l be in c o n 
t inuous con tac t wi th the fuel and wi l l keep the 
fuel e l e m e n t at the b o t t o m of the f ix tu re t u b e . 
Mot ion is t r a n s m i t t e d f r o m the fuel t h r o u g h 
the push rod to the p i s ton . The ax ia l l oca t i on of 
the top of the p i s ton is d e t e c t e d by a B e n t l y -
Nevada C o r p o r a t i o n p r o x i m e t e r p r o b e . In the 
r a n g e of i n t e r e s t , the p r o x i m e t e r output c h a n g e s 
0.1 V for each 0.001 in. of m o v e m e n t . F o r the 
t e s t s , the f ix ture was i n s e r t e d into a fu rnace to 
a depth s l ight ly above the end of the f u e l - e l e m e n t 
c ladd ing . The amoun t of expans ion of the f ix tu re 
when hea ted was d e t e r m i n e d be fo re the t e s t s by 
us ing a q u a r t z rod in p l a c e of the fuel e l e m e n t . 
The e n t i r e f ix ture i s des igned to fit into a M a r k - I 
T R E A T loop. 

F i g u r e I .E . 18 shows the r e s u l t s of t h e r m a l 
c y c l e s of two fuel e l e m e n t s . Both e l e m e n t s w e r e 
cyc led to t e m p e r a t u r e s s l igh t ly l e s s than 550°C 
unt i l r e p r o d u c i b l e z e r o poin ts at a m b i e n t t e m 
p e r a t u r e w e r e obta ined. One fuel e l e m e n t 
( S / N 1638) was t aken to 610°C to o b s e r v e the 
effect of t emperc f tu res g r e a t e r than the p h a s e -
t r a n s f o r m a t i o n t e m p e r a t u r e (552°C). The fuel 
in th i s e l e m e n t exhib i ted an ax ia l g rowth of 
0.026 in. at a m b i e n t t e m p e r a t u r e , which w a s due 
to the r e t a i n e d p h a s e f o r m e d at the h i g h e r 
t e m p e r a t u r e . 

Fig. I.E. 17. Fixture Used for Detect
ing Axial Fuel Motion 

F i g u r e I .E . 19 c o m p a r e s the n o r m a l i z e d 
ax ia l m o v e m e n t of one t e s t e d e l e m e n t wi th 

s i m i l a r da t a for u n i r r a d i a t e d fuel a l loy, a s r e p o r t e d by Z e g l e r and Nev i t t . * 
It a l s o shows a r e s p o n s e c u r v e obta ined d u r i n g a T R E A T t r a n s i e n t wi th a 
h i g h - s w e l l i n g ( l ow-s i l i con ) fuel e l e m e n t p r e i r r a d i a t e d to 2.5 a t . % b u r n u p , 
a s r e p o r t e d by R o t h m a n et a l . * * The a l m o s t l i n e a r r e s p o n s e of the s l u m p e d 
fuel i s a t t r i b u t e d to an a v e r a g i n g effect r e s u l t i n g f r o m the nonun i fo rmi ty of 
the t e m p e r a t u r e in the t e s t fu rnace and the nonun i fo rmi ty of the fuel i t se l f 
ove r i t s 13- in . length . 

*Zegler S. T., and Nevitt, M. V., Structures and Properties of Uranium-Fissium Alloys, ANL-6116 (1961). 
**Rothman, A. B., Renken, C. J., Stewart, R. R., Chakraborty, A. K., Dickerman, C. E., Dewey, G. G., 

Matras, S., and Hutchinson, D. R., Transient Behavior of "High-swelling" EBR-II Mark-IA Driver Fuel in 
TREAT (to be published). 
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PHASE-
TRANSFORMATION 
TEMPERATURE " 

200 300 400 500 
TEMPERATURE. 'C 

Fig. I.E.18. Axial Movement vs Temperature 
for Two Vendor-fabricated Driver-
fuel Elements in V^hich the Fuel 
Had Slumped during Irradiation 
to 0.6 at. % Burnup 

Fig. I.E.19. Comparison of Normalized Axial 
Movement vs Temperature for 
Slumped Vendor-fabricated 
Driver-fuel Element, Unirradiated 
Fuel Alloy, and High-swelling 
Fuel Element 

A n o r d e r h a s b e e n p l a c e d f o r p r o x i m e t e r p r o b e s of a 
s p e c i a l d e s i g n m o r e s u i t a b l e f o r u s e i n a T R E A T l o o p . E q u i p m e n t i s b e i n g 
d e s i g n e d to e n a b l e c a l i b r a t i o n of t h e f i x t u r e i n a t h e r m a l c o n f i g u r a t i o n 
c l o s e l y m a t c h i n g t h a t e x p e c t e d i n a M a r k - I T R E A T l o o p . 

^- C o m p a r i s o n of P r o v i s i o n a l C l a d d i n g - s w e l l i n g M o d e l s a n d 
C o r r e l a t i o n s ( j . R . H o n e k a m p a n d G . H . G o l d e n ) 

T h e a b i l i t y of e m p i r i c a l c o r r e l a t i o n s a n d t h e o r y - b a s e d m o d e l s 

t o p r e d i c t f a s t - n e u t r o n - i n d u c e d s w e l l i n g of T y p e 3 0 4 s t a i n l e s s s t e e l i s 

be ing s t u d i e d . I n i t i a l c o m p a r i s o n s w e r e m a d e b e t w e e n p r o v i s i o n a l v e r s i o n s 

°Jf.,Tir^^ '^°'^^^ d e v e l o p e d by A N L a n d t w o c o r r e l a t i o n s , o n e m a d e b y 

P N L - W e s t m g h o u s e , a n d t h e o t h e r b y G E . E n c a p s u l a t e d e l e m e n t s f r o m 

e x p e r i m e n t a l s u b a s s e m b l i e s X G 0 5 a n d X P 1 2 , i r r a d i a t e d in E B R - I I , w e r e 

u s e d a s a b a s i s f o r t h e c o m p a r i s o n . In e a c h c a s e , a n e s t i m a t e w a s m a d e 

ot t n e a x i a l d i s t r i b u t i o n of p o w e r , a v e r a g e d o v e r t h e h i s t o r y of t h e 

i r r a < l i a t i o n . T h i s d i s t r i b u t i o n w a s u s e d t o c a l c u l a t e c o r r e s p o n d i n g t e m 

p e r a t u r e d i s t r i b u t i o n s in t h e e l e m e n t c l a d d i n g a n d t h e c a p s u l e w a l l T h e 
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c o r r e l a t i o n s and m o d e l s then w e r e c o m p a r e d , us ing h i s t o r y - a v e r a g e d 
f luence d i s t r i b u t i o n s b a s e d on n e u t r o n i c s c a l c u l a t i o n s , t o g e t h e r wi th the 
fo rego ing t e m p e r a t u r e s , to compute changes in d i a m e t e r ( A D / D ) . 

The c o r r e l a t i o n s u s e d w e r e : P N L - W e s t i n g h o u s e for T y p e s 304 
and 316 s o l u t i o n - t r e a t e d s t a i n l e s s s t e e l , which i s * 

100 A V / v = 4.9 X 10-^ ' X ( 0 t ) ' - ' ' X 1 0 [ ( l . 5 5 x I O Y T ) - (5 .99x I O ' / T ^ ) ] , 

and the GE c o r r e l a t i o n , * * 

100 A v / v = 7.53 X lO- = ( 0 t x l O - ^ ^ ) ' " " ( T - 3 6 0 ) ' ' - " 8 ( 7 7 5 - T ) ° ' ^ " . 

In both of t h e s e c o r r e l a t i o n s , 100 A v / v = % swel l ing of 
c l add ing , and 0 t = f luence in n e u t r o n s / c m ^ . The t e m p e r a t u r e ( T ) is in 
°K in the P N L - W e s t i n g h o u s e c o r r e l a t i o n and in °C in the GE c o r r e l a t i o n . 

The A r g o n n e m o d e l used w a s H a r k n e s s sub rou t ine V 0 I . R e s u l t s 
of the c a l c u l a t i o n s f o r C a p s u l e s F2H and C-17 a r e shown in F i g s . I .E .20 and 
I . E . 2 1 , r e s p e c t i v e l y . It i s s e e n that the GE c o r r e l a t i o n s igni f icant ly o v e r -
p r e d i c t s the A D / D ; th i s was a l s o found to be the c a s e f o r C a p s u l e s F2R, F 2 C , 
and F 2 T f r o m S u b a s s e m b l y XG05. The P N L - W e s t i n g h o u s e c o r r e l a t i o n and 
the A r g o n n e m o d e l both gave c l o s e r a g r e e m e n t wi th m e a s u r e d va lue s of 
A D / D , a l though n e i t h e r w a s c o n s i s t e n t l y b e t t e r than the o t h e r . 

1 

-

- J^ 

-/yC' 

1 I ^ ^ U - ^ 

r f / " c^ GE CORRELATION N ^ 

0 MEASURED 

0 ANL MODEL 

D PNL-WESTINGHOUSE 
CORRELATION 

l l l l 

-

\ -

X , -

X-

AXIAL DISTANCE ABOVE BOTTOM OF FUEL, in. 

Fig. I.E,20. Measured vs Calculated Swelling of 
Type 304 Stainless Steel Capsule F2H 
from Subassembly XG05 

a. 
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^^^ ' " ' " ^ A GE C 0 R R E L A T 1 0 N ° ^ N ! ^ 
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\ i 
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AXIAL DISTANCE ABOVE BOTTOM OF FUEL, in. 

Fig. I.E.21. Measured vs Calculated Swelling of 
Type 304 Stainless Steel Capsule C-17 
from Subassembly X012 

• Letter to Mr. James M.Shivley, Project Administrator, FFTF Program, Richland Operations Office, USAEC, 
"Fluence-temperature Dependency of Stainless Steel Swelling in FTR (12215-B-l)," August 18, 1969. 

**General Electric Company, Nuclear Energy Division, Presentation Outline for Tenth General Meeting, 
"Irradiation Effects on Reactor Structural Materials," October 21-24, 1969, Fig. 10. 
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9. Physics Mock-up Studies 

Last Reported: ANL-7640, pp. 76-78 (Nov 1969). 

a. Er;:imate of "^U Mass for EBR-II Assembly I (ZPR-3 
Assembly 60) (D. Meneghetti) 

It was estimated that the mass of U for cri t icali ty of EBR-II 
Assembly I, the homogeneous-core depleted-blanket assembly, should be 
about 245 kg. This is for a core height of 13 in. and a homogenized core 
composition closely similar to the intradrawer loading containing one 1/8-
in.-thick " 'U column, six l /32-in.- thick ^̂ Û columns, one l / l 6 - in . - th i ck 
20%-enriched U column, five l /4- in . - thick sodium columns, one l / 8 - in . -
thick U column, one l /8-in.- thick U3O8 column, and two l / l 6 - in . - th i ck 
steel columns. A plate-heterogeneity effect of about 1% Ak/k should reduce 
the mass of U for criticality to 235 kg. 

The larger fissile mass relative to that of usual EBR-II system 
loadings is due to the half-inch less axial height and to the smal ler average 
fissile density of the cri t ical-assembly core. 

Estimated Radial Dependence of the Worth of Core Material 
for EBR-II Critical Assembly I on ZPR-3 (D, Meneghetti 
and K. E. Phillips) 

The radial dependence of the worth of core mater ia l for the 
critical homogeneous-core depleted-uranium-reflected EBR-II Assembly I 
has been calculated to enable estimation of the safety-rod worths . The 
analysis was made with the one-dimensional, cylindrical-geometry per tu r 
bation option of the MACH diffusion-theory code. The 22-group c r o s s -
section set 238 was used. The calculated worths , tabulated below, a re in 
percent Ak/k per square centimeter of c ross-sec t ional area for a core 
height of 13 in. The core-reflector interface was 11.5 in. The actual core 
radius, however, is expected to be about 1 in. g rea te r . 

Radial 
Position (cm) 

0 
5 

10 
15 

%Ak/k 
per cm^ 

0.030 
0.029 
0.027 
0.024 

Radial 
Position (cm) 

20 
25 
29 

%Ak/k 

per cm 

0 
0 
0 

020 
016 
013 

FRp TT A ^ "̂̂  "̂̂ "̂ ^ values can be u»ed for safety-rod est imates for 
LBR-II Assembly II, the nickel-reflected assembly. In this case , however, 

actual radius is expected to be close to the value used in the analysis . 
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c . E s t i m a t e d Effec t ive D e l a y e d - n e u t r o n F r a c t i o n s and I n h o u r -
r e a c t i v i t y R e l a t i o n s h i p s for E B R - I I C r i t i c a l A s s e m b l i e s I 
and II (D. Meneghe t t i and K. E . P h i l l i p s ) 

The effect ive d e l a y e d - n e u t r o n f r ac t i ons and i n h o u r - r e a c t i v i t y 
r e l a t i o n s h i p s w e r e c a l c u l a t e d by the B A I L I F F option of the MACH diffusion 
code for the h o m o g e n e o u s - c o r e , d e p l e t e d - b l a n k e t , c r i t i c a l E B R - I I A s s e m b l y I 
and for the n i c k e l - r e f l e c t e d c r i t i c a l E B R - I I A s s e m b l y II . S p h e r i c a l -
g e o m e t r y s i m u l a t i o n s w e r e u s e d , wi th s e p a r a t e c a l c u l a t i o n s c o r r e s p o n d i n g 
to r a d i a l and a x i a l r e f l e c t o r s . The 2 2 - g r o u p c r o s s - s e c t i o n se t 238 w a s u s e d . 

T a b l e I .E .20 l i s t s the c a l c u l a t e d va lue s of jSeff- Ih/' ' '°P' ^^"^ 
p r o m p t - n e u t r o n l i f e t i m e s for the c a s e of a s p h e r i c a l c o r e s u r r o u n d e d by the 
r a d i a l b l a n k e t and by the a x i a l r e f l e c t o r . R e s u l t s us ing two r a d i i a r e l i s t e d 
to i n d i c a t e the s e n s i t i v i t y of the va lues to the r a d i a l d i m e n s i o n of the c o r e . 

T A B L E I . E . 2 0 . jS^ff, I h /%p , and l^ for S p h e r i c a l 
A p p r o x i m a t i o n s of E B R - I I C r i t i c a l A s s e m b l y I 

G e o m e t r y : S p h e r e 

Rad ius ( cm) : 27.65 30.19 

R e f l e c t o r : Rad ia l Axia l Rad ia l Axia l 

j3g5f 0.00707 0.00701 0.00701 0.00694 
Ih /%p 441 427 442 431 
£r> X 1 0 ^ s ec 9.5 60.2 9.7 55.6 

Tab le I .E .21 l i s t s c o r r e s p o n d i n g quan t i t i e s for s p h e r i c a l a p 
p r o x i m a t i o n s of E B R - I I A s s e m b l y II, the c y l i n d r i c a l E B R - I I c r i t i c a l having 
n i c k e l i n s t e a d of d e p l e t e d u r a n i u m a s the r a d i a l r e f l e c t o r . The a x i a l r e 
f l e c t o r s a r e i d e n t i c a l wi th t hose for A s s e m b l y I. 

T A B L E I . E . 2 1 . Pgff' I h /%P. and i p for S p h e r i c a l 
A p p r o x i m a t i o n s of E B R - I I C r i t i c a l A s s e m b l y II 

G e o m e t r y : 

Rad ius ( cm) : 

R e f l e c t o r : 

Peff 
Ih/%p 
£p X 1 0 ^ s ec 

27 

Rad ia l 

0.00684 
436 
27.2 

Spht 

.65 

Axia l 

0.00701 
427 
60.2 

; r e 

30. 

Rad ia l 

0.00679 
439 
25.8 

19 

Axia l 

0 .00694 
431 
55.6 
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Both the nonfe r t i l e a x i a l r e f l e c t o r c o m p o s e d of s o d i u m a n d 
s tee l and the nonfer t i le r a d i a l r e f l e c t o r of A s s e m b l y II, c o m p o s e d of n i c k e l , 
great ly i n c r e a s e the p r o m p t - n e u t r o n l i f e t i m e r e l a t i v e to the d e p l e t e d -
u ran ium-b lanke ted c a s e . The v a r i a t i o n s in the v a l u e s of the q u a n t i t i e s 
(3eff and lh/%p, however , a r e m u c h s m a l l e r . 

F . E B R - I I - - F u e l F a b r i c a t i o n 

1. Cold Line Opera t ions (D. L. Mi tche l l ) 

Las t Repor ted : A N L - 7 6 5 5 , pp. 78-79 (Dec 1969). 

a. Cold- l ine P r o d u c t i o n and A s s e m b l y 

The e l e m e n t s r e m a i n i n g when p r o d u c t i o n of M a r k - I A fuel 
e lements was d iscont inued l a s t month ^vere bonded and bond t e s t e d . T h e 
cold line will continue to f a b r i c a t e n o n i r r a d i a t e d s u b a s s e m b l i e s and wi l l 
complete the impac t bonding of the 9764 unbonded v e n d o r e l e m e n t s tha t 
r e m a i n to be p r o c e s s e d . P r o d u c t i o n e q u i p m e n t for pos tbond ing r e c l a m a t i o n 
heat t r e a t m e n t of v e n d o r - f a b r i c a t e d e l e m e n t s w a s a s s e m b l e d in the m o c k u p 
a r e a of the Fue l Cycle F a c i l i t y and is be ing t e s t e d . T a b l e I . F . I s u m m a r i z e s 
the product ion ac t iv i t i e s for D e c e m b e r 16, 1969 t h r o u g h J a n u a r y 15, 1970, 
for al l of 1969, and for 1970 to d a t e . 

Eight M a r k - I A s u b a s s e m b l i e s con ta in ing fuel e l e m e n t s m a d e in 
the cold line were f ab r i ca ted dur ing the m o n t h . 

No unbonded vendor e l e m e n t s w e r e i m p a c t bonded d u r i n g the 
month. Data re la t ing to r e c e i p t , i m p a c t bonding, and a c c e p t a n c e of t h e s e 
e lements a r e included in Tab le I . F . I . 

The c u r r e n t n u m b e r (as of J a n u a r y 15, 1970) of AGC e l e m e n t s 
avai lable after ver i f ica t ion in spec t ion i s 22 ,645 . (This f i gu re d o e s not 
include the A N L - i m p a c t - b o n d e d vendor e l e m e n t s . ) Da ta r e l a t i n g to r e c e i p t 
and acceptance of the fuel p r o d u c e d by AGC a r e inc luded in T a b l e I . F . I . 

G. E B R - I I - - O p e r a t i o n s 

1. Reac to r P lan t (G. E. Deegan) 

Las t Repor ted: ANL-7655 , pp , 79 -80 (Dec 1969). 

During the per iod f rom D e c e m b e r 21 t h r o u g h J a n u a r y 20, the r e a c t o r 
was operated for 817 MWd in Runs 39A and 39B. The c u m u l a t e d t o t a l of 
EBK-II operat ion is 31,027 MWd. 
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TABIE I.F.I. Production Summary for fCF Coid Line 

Alloy-preparation runs 
New luel 
Remelts 

Total 

Injection-casting runs 

Pins processed 
Accepted 
Rejected 

Elements welded 

Elements rewelded 

Elements ieaktested 
Accepted 
Rejected 

Elements twndtested 
Accepted 
Rejected 

Subassemblies fabricated (coid-l 

Bonded elements received from 
Inspected and accepted 
Inspected and rejected 

ine fuel) 

vendor 

Unbonded elements received from vendor 
for impact bonding by ANL 

Bonded, inspected, and accepted 
Bonded, inspected, and rejected 

12/16/69 through 
1/15/70 

Mark IA H\ark II 

0 
0 
0 

6 

408 
51 

664 

0 

752 
0 

714 
28 

8 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 

0 
0 

0 

0 

0 
0 

0 
0 

0 

l lan. 

IMark IA 

11 
18 
29 

52 

4.860 
213 

4,974 

0 

4.645 
97 

4,288 
423 

38 

24,313^ 
23,621°'' 
1,251'' 

11,853'' 
1,979 

190 

1969 
1-Dec. 311 

Mark II 

8 
3 

11 

10 

941 
53 

884 

69'' 

804 
21 

934 
9 

6 

1970 
(Jan. 1-15) 

Mark IA 

0 
0 
0 

0 

0 
0 

289 

0 

577 
2 

714 
28 

7 

0 
0 
0 

Subassemblies fabricated (vendor fuel) 0 

Total elements available for subassembly fabrication as of 1/15/70 
Cold-line fuel 

Mark IA M7 
Mark II 234. 

Vendor fuel (Mark IA) 22,645' 

^Includes 64 elements in which visual examination of welds indicated that they were not acceptable for 

potentially high-burnup experiments. 
''Total includes figures for 1968. 
^Includes fuel elements which were returned to vendor for rework to correct voids in sodium bond 

and after rework sent back to ANL for reinspection. 
''Ten unbonded vendor elements were set aside for historical samples, 
' includes subassemblies made up of a mixture of vendor and cold-line fuel elements. 
' th is figure does not include vendor elements that were impact bonded by ANL. 

On December 28, detection of smoke in the sodium-boiler plant was 
annunciated. An initial inspection revealed a small fire on the inlet piping 
of the secondary surge tank. The fire appeared to be of electrical origin. 
Heating circuits were de-energized, and the fire was extinguished. Further 
investigation revealed a small sodium leak at one of the valves for sodium 
vent on the side of the surge tank. Dripping sodium had apparently 
splashed on the lagging of the inlet line, thereby causing the fire. The 
reactor was immediately shut down, and the vent valve was closed. With 
the leaking stopped, an orderly cooldown of all systems to less than 400°F 
was conducted. The secondary system was drained, but all other systems 
were held at a temperature above 360°F to permit refilling as soon as the 
repair was made. The bellows on the vent valve was replaced, and leak 
detectors were installed in each of the five vent valves. After replacement 
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of lagging and heaters, the secondary system was filled, and all systems 
were heated to normal operating tempera tures . Operation at 50 MWt was 
resumed until the end of the run, except for a brief test at reduced power 
and flow. 

Fuel handling for Run 39B included insertion of the lower-leaky-weld 
test, A standard subassembly is used for this test, but the cladding of one 
of the elements has been predril led to simulate a defective lower weld. 
After fuel handling, the seal trough of the small rotating plug was cleaned 
and filled. An approach to crit ical was performed; then the reactor was 
shut down for a reactivity adjustment. Upon res ta r t , zero-power physics 
experiments were performed, after which power was raised to 50 MWt. 

At the beginning of Run 39A, the capacity of the turbine-driven 
feedwater pump had been insufficient for 50-MWt operation. The pump 
was overhauled after the r'm. During the power increase in Run 39B, 
it performed satisfactorily and was returned to service. 

After approximately three days of 50-MWt operation in Run39B, 
levels of '̂ ^Xe and "^Xe activity in the cover gas had increased to more 
than a factor of two above their normal equilibrium backgrounds. Such an 
increase was not expected, even with the lower-leaky-weld test in the core. 
The reactor was shut down, and the test subassembly was replaced with a 
normal driver. The reactor then was res tar ted for Run 39C. 

Fuel handling during the reporting period consisted mainly of the 
loading changes for Run 39B. These changes involved experimental sub
assemblies, as reported inSect. I.E.4.a, and also included the following: 

Four spent driver subassemblies were replaced. The 70%-enriched 
surveillance subassembly was reinstalled for irradiation during the last 
portion of Run 39. Following an approach to criticality, the reactor was 
shut down for a reactivity adjustment, which consisted of replacing a Row-6 
half-worth driver subassembly with a depleted-uranium inner-blanket 
subassembly. 

The loading change for Run 39C consisted only of replacing the lower-
ieaky-weld-test subassembly with a standard driver subassembly. 
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2. Fuel Cycle Facility (M. J. Feldman) 

a. Surveillance (M. J. Feldman, J. P. Bacca, and E. R. Ebersole) 

Last Reported: ANL-7640, pp. 80-81 (Nov 1969). 

(i) Post irradiat ion Analysis of EBR-II Fuel (J. P . Bacca) 

(a) Surveillance of Vendor-produced Fuel 
(A. K. Chakraborty and G. C. McClellan) 

(l) Fuel-characterizat ion Studies 

(A) Subassembly C-2199. The contents of Sub
assembly C-2199, which contained 27 fuel elements cast by the vendor and 
inpact bonded by ANL as well as 64 elements fabricated in the cold line, were 
examined after attaining a calculated maximum burnup of 1.35 at. % at the 
end of Run 38. Post irradiat ion fuel-swelling data for the 27 vendor fuel 
elements and 3 of the cold-line elements examined are summarized in 
Table I.G.I. None of these elements exhibited axial shortening of the fuel 
pin. Irradiation swelling of the fuel was similar to that observed in the 
past for ANL-fabricated fuel elements after comparable burnup. 

TABLE I.G.I. Fabrication and Irradiation Data 
for Driver Subassembly C-2199^ 

Calculated Burnup: 1.35 at. % max; 1.17 at. % avg. 

Silicon EleVnent 
Total Volume 

Swelling of Fuel 
Injection- Content Number of Burnup (AV/v %) 

casting of Fuel Elements Range 
Batch No. (ppm) Examined (at. %) Average Range 

Vendor Fuel 

AG 546 460 6 
AG 577 440 8 
AG 579 440 7 
AG 580 390 6 

ANL Cold-line Fuel 

137 IH 440 3 1.33-1.35 _ 4 ^ 4.3-5.6 

For Elements Examined 5.0 3.7-6.3 

1.29-1.33 
1.27-1.34 
1.27-1.34 
1.27-1.34 

4.9 
5.0 
4.9 
5.3 

4.8-5.1 
4.7-5.5 
3.7-5.9 
3.7-6.3 

^Contained 27 vendor-cast , ANL impact-bonded fuel elements, 
and 64 ANL as-fabricated cold-line elements. 
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This subassembly is a part of the i rradiat ion 
program intended to certify vendor-cast , ANL impact-bonded fuel elements 
for general use in EBR-II. 

(B) Subassembly C-2182. Fuel elements from 
previously irradiated Subassembly C-2182, which attained a calculated 
maximum burnup of 0.88 at. %, have been reconstituted into a new subas
sembly (C-2251). These fuel elements were cast and centrifugally bonded 
by the vendor. As previously reported (see P rog re s s Report for Octo
ber 1969, ANL-7632, pp. 81-82), postirradiation examination of Subas
sembly C-2182 revealed axial shortening of the fuel pins that averaged 
0.9 in. and ranged between 0 and 1.1 in. from the normal post irradiat ion 
pin length of 13.5 in. Even with this degree of fuel-pin shortening, diame
tral straining of the elements, as determined by precision measurements 
of the element diameters, was not observed. Reconstituted Subassembly 
C-2251, containing most (64) of the elements from Subassembly C-2182 and 
the remainder (27) from the cold line, has been proposed for irradiation 
for one more reactor run (in Run 40). This additional i rradiat ion will result 
in an accumulated burnup of 1.3 at. % for the elements from Subassembly 
C-2182. This subassembly is a part of the irradiat ion program intended to 
investigate the allowable burnup capability of as-fabricated vendor fuel 
elenaents. 

(C) Subassembly C-2211S. Fifty-six vendor-
fabricated fuel elements from Subassembly C-2211S, which had attained a 
calculated maximum burnup of 0.39 at. %, have been reconstituted into a 
new subassembly (C-2252). As reported in ANL-7632 (pp. 78-79), these 
fuel elements, which had been cast and centrifugally bonded by the vendor, 
had been subjected to a corrective heat t reatment by ANL. This t reatment 
consisted of heating the elements to 660°C and holding them at that tem
perature for I j hr, followed by air cooling to room tempera ture This 
sequence was followed by heating to 500°C and holding for 2 hr in the cold-
Ime bonders while the elements were subjected to 500 impacts . Pos t i r 
radiation examination of elements from Subassembly C-2211S showed no 
shortening of the heat-treated fuel pins. Irradiation swelling of the fuel was 
similar to that observed in the past for ANL-fabricated fuel after compara
ble burnup In addition to the 56 heat- t reated vendor elements , reconstituted 
Subassembly C-2252 contains 35 ANL as-fabricated cold-line elements It 
has been proposed to insert Subassembly C-2252 into the reactor at the 
beginning of Run 40 and to continue the irradiation of the elements from 
Subassembly C-2211S until they have attained an accumulated burnup of 
i.5 at. /o Subassembly C-2252 is a part of the irradiation program intended 
Z : Z T ' T ' ' : ^ ^ ^ ^ ^ * ^ — °f *he ANL correct ive heat t 'reatment i l re 
ZnTJ:ZZ: ° " ^ " " ^ ° ^ ^ ^ ^ " " " * '-' ' "^ ^"^^ ^-' °^ *^^ as-fabricated 



81 

(b) Postirradiat ion Surveillance. Results of the exami
nations performed on the subassemblies listed below are reported in 
Sect. I.E.7.b. 

(1) Controlled-flow Experiment. Fuel-swelling data 
were obtained for Mark-IA and Mark-IB fuel elements that were in Sub
assembly C-2188S, which had achieved a calculated maximum burnup of 
1.76 at.% by the end of Run 38. 

(2) Extended-burnup Subassemblies. Subassem
blies C-2 168 and B-3039were examined after achieving respective calculated 
maximum burnups of 1.78 and 1.73 at. %. Fuel-swelling data were obtained for 
elements from both subassemblies. 

b. Fuel Handling and Transfer (P. Fineman) 

Last Reported: ANL-7655, pp. 80-81 (Dec 1969). 

Table I.G.2 summarizes the fuel-handling operations performed. 

TABLE I.G.2. Summary of FCF Fuel Handling 

Subassem 

Subassemblies received from reactor 
Driver fuel (all types) 
Experimental 
Other (blanket) 

Subassemblies dismantled for surveillance, 
examination, or shipment to experimenter 

Driver fuel 
Experimental 
Other (blanket) 

Driver-fuel elements to surveillance 
Number fromi subassemblies 

Subassemblies transferred to reactor 
Driver fuel 

From air cell 
From cold line^ 

Experimental 

Fuel-Alloy and 

Cans to burial ground 

Skull oxide and glass scrap to ICPP 

Recoverable fuel alloy to ICPP 
Fuel elements 

Subassemblies 

Nonspecification material 

bly 

12/16/69 
through 
1/5/70 

Handling 

14 
1 
1 

% 
7 
2 
1 

191 
7 

0 

1 
1 

Waste Shipments 

5 

7 

0 

2 

4 

(87.15 kg of 
alloy) 

(34.26 kg of 
alloy) 

1969 
(Jan. 1-
Dec. 31) 

128 
22 

6 

118 
22 

4 

5602 
118 

57 

68 
9 

29 

7 

35 (592.16 kg 
of alloy) 

20 (102.46 kg 
of alloy) 

5 (84.3 kg 
of alloy) 

CY 1970 
(J. 

3 

4 

0 

an. 1-15) 

6 
0 
0 

2 

0 
0 

61 
2 

0 

0 
1 

0 

0 

(52.28 kg 
of alloy) 

(20.55 kg 
of alloy) 

^Cold-line subassemblies, following fabrication and final tests, are transferred either to the 
reactor or to the special-materials vaults for interim storage until needed for use in the 
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c. Experimental Support ( j . P . Bacca, N. R. Grant, V. G. Eschen, 
R. V. Strain, J. W. Rizzie, and C. L. Meyers) 

Last Reported: ANL-7655, p. 81 (Dec 1969). 

Subassembly X044, a Mark-B7 irradiat ion subassembly contain
ing one LASL capsule loaded with ceramic- insula tor mater ia l s and six 
stainless steel dummy elements, was dismantled after attaining a calculated 
total fluence of 1.5 x 10^^ nvt. After weight and diameter measurements and 
visual examinations of the LASL capsule were completed, the capsule was 
returned to the experimenter. 

Interim examinations (weight, visual, and neutron-radiography) 
of the UNC mixed-carbide capsules (calculated maximum burnup of 6.0 at. %) 
from experimental Subassembly X033, a Mark-A irradiat ion subassembly, 
were completed. Eighteen of these capsules will be reconstituted into a new 
subassembly (X075), which will begin its irradiation at the s tar t of reactor 
Run 40. 

Interim nondestructive examinations of eight NUMEC mixed-
oxide capsules that had attained a calculated maximum burnup of 6.3 at. % in 
experimental irradiation Subassembly X015 also were completed. Sub
assembly XO70, a Mark-A irradiation subassembly, was assembled with 
these eight capsules plus the following ones: seven GE oxide-fuel capsules 
from Subassembly X039; two LASL carbide-fuel capsules, one from Sub
assembly X039 and one new; one new Westinghouse oxide-fuel capsule; and 
one new BMI nitride-fuel capsule. 

Subassembly X065A, a Mark-B37 irradiat ion subassembly con
taining 21 ANL helium-pressurized structural elements and 16 stainless 
steel dummy elements, was dismantled. The pressur ized elements had 
accumulated a calculated total fluence of 0.4 x 10^^ nvt. The diameters of 
the pressurized elements were measured. Preparat ions have been completed 
to reassemble these elements and a few new elements intoSubassembly XO&5B. 

in a 
Unirradiated Subassembly X074 was dismantled and examined 

n attempt to determine why the flowrate of coolant when flowtesting the 
subassembly was lower than the rate when testing the prototype. (Sub
assembly X074 is a Mark-H37 irradiation subassembly containing mixed-
oxide fuel elements from the PNL-8 ser ies . ) No obvious explanation for 
the flow anomaly was found. The subassembly was reassembled using the 
same hardware and transferred to the reactor for additional flowtests 
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II. OTHER FAST REACTORS--OTHER FAST BREEDER 
REACTORS--FUEL DEVELOPMENT 

A. Irradiation Effects, Mechanical Proper t ies and Fabrication 

1. Mechanical Proper t ies of Austenitic Stainless Steels (R. Carlander) 

Not previously reported. 

As part of the transfer of GE-NSP's irradiation effects on cladding 
mater ia ls program* to ANL, irradiation capsules GEFP-2-107 and -138 
were disassembled at the ANL Hot Cell Facility. 

The capsules were irradiated in the ETR for three reactor cycles. 
The capsules contained tensi le /creep-rupture specimens, 108 of Type 304 
and 108 of Type 316 stainless steel in the annealed and 20% cold-worked 
conditions. The objective of the experiment is to determine the effects of a 
hardened neutron spectrum on the tensile and creep-rupture propert ies of 
austenitic stainless s teels . 

The irradiation conditions and capsule identifications a re presented 
in Table II .A.l . The temperature history of the specimens during i r rad ia 
tion is being analyzed. Upon completion of the analysis, control specimens 
of the same composition and heat treatment will be thermally aged to simu
late the in-reactor temperature effects on the mechanical propert ies of the 
two types of austenitic stainless steel. Both aged and irradiated specimens 
will be tensile and creep tested to determine the effects of irradiation in 
this neutron spectrum on the mechanical properties of Types 304 and 316 
stainless steel. ' 

T A B L E I I . A . l . I r r a d i a t i o n C o n d i t i o n s and C a p s u l e Iden t i f i ca t i on 
of A u s t e n i t i c S t a i n l e s s S t e e l s I r r a d i a t e d in the E T R ^ 

C a p s u l e 
Iden t i t y 

G E F P - 2 - 1 0 7 

G E F P - 2 - 1 3 8 

D e s i g n 
F e a t u r e s 

E x t e r n a l 
b o r o n a n d 
c a d m i u m 
s h i e l d s 

No s h i e l d 

R e a c t o r 
L o c a t i o n 

K6SW 

K6NW 

E s t i m a t e d 
F l u e n c e , n / c m ^ 

(En > 1 x l O ^ ' MeV) 

Ii 

li 

To 
of 

ital N u m b e r 
S p e c i m e n s 

36 
36 
36 

36 
36 
36 

I r r a d i a t i o n 
T e m p e r a t u r e , 

(°C) 

480 
705 
590 

480 
705 
590 

* D a t a f u r n i s h e d by C . V. M u l l e n , J r . . Idaho N u c l e a r C o r p o r a t i o n . 

^ D e s i g n t e m p e r a t u r e . 

' 'GEMP- IOIO. AEC Fuels and Materials Development Program Progress Report, No. 78, p. 46 (Dec. 31, 1968). 
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a. Mechanical Proper t ies of Cladding Materials (F. L. Yaggee) 

Last Reported: ANL-7655, p. 87 (Dec 1969). 

All of the hardware necessary to study the effect of a vacancy 
flux on the minimum creep rate of austenitic stainless steel has been 
completed. The creep experiments will be performed while the specimen 
is irradiated in a cyclotron beam. The equipment is being assembled for 
proof testing, which will consist of conducting creep tests at tempera tures 
between 25 and 600°C in the absence of cyclotron irradiat ion. 

The temperature profile of the specimen-heating furnace will be 
determined between 200 and 800°C. Some difficulties have been experienced 
in obtaining a reasonably flat temperature zone across the specimen gauge 
length (l in. long) when a single-element furnace (one zone) has been used. 
This difficulty is due to the chimney effect created by the draft through the 
vertical slot that provides access for the cyclotron beam to the specimen. 
If the slot is open at 300 and 400°C, the temperature gradient across the 
specimen is greater than 26°C; however, if the slot is closed at 200°C, this 
gradient is reduced to 10°C. Additional end windings and an aluminum 
microfoil (~0.0002 in. thick) may be used to cover the slot to reduce the 
temperature gradient. In order to gain operating experience with this 
equipment, the first proof tests will be made without the additional end 
heaters. 

b. Surface Defects as F a i l u r e S i t e s in Type 304 S e a m l e s s 
S ta in less Steel F u e l - c l a d Tubing ( F . L. Yaggee) 

Las t Repo r t ed : A N L - 7 3 9 1 , p p . 10-12 (Oct 1967). 

It has been shown that s u r f a c e de fec t s p e n e t r a t i n g only 4 -5% of 
the wall of s t a in l e s s s t ee l fue l -c ladd ing t ubes (wall t h i c k n e s s of 0.015 to 
0.020 in.) can s e r i o u s l y d e c r e a s e r u p t u r e duc t i l i t y , e x p r e s s e d in t e r m s of 
d i ame t r a l s t r a i n ( A D / D Q ) , depending upon t h e i r l oca t ion and o r i e n t a t i o n wi th 
r e spec t to the axia l tube d i r e c t i o n . The p r e v i o u s l y p r e s e n t e d da ta w e r e for 
defect or ienta t ions p a r a l l e l to the tube ax i s ((3 = 0) .* S p e c i m e n s a r e being 
p r e p a r e d for addi t ional t e s t s a t 550 and 650°C for defec t o r i e n t a t i o n s of 
P - 0, 45, and 90°. Informat ion f r o m t h e s e b i ax i a l c r e e p t e s t s wi l l be u s e d 
to verify the p red ic t ions of an a n a l y t i c a l a n a l y s i s defining the effect of 
defect location and or ien ta t ion on the r u p t u r e duc t i l i t y . 

Yaggee, F. L., and Wang, I.-C., Effect of Defects on the Rupture Ductility of Type-304 Stainless Steel Tubes 
under Biaxial Load, Trans. Am. Nucl. Soc. 12(2), 570 (Nov 1969). Abstract 
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PUBLICATION 

Paramet r i c Influence of the Wall-Thickness Changes and the Bulk Strain 
Behavior of Hollow-Drawn Tubing 

J. E. Flinn 
Trans. ASME D_92, 792-809 (Dec 1969) 
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III. GENERAL REACTOR TECHNOLOGY 

A. Appl ied and R e a c t o r P h y s i c s D e v e l o p m e n t 

1. Theore t i ca l R e a c t o r P h y s i c s - - R e s e a r c h and D e v e l o p m e n t 

a. T h e o r e t i c a l R e a c t o r P h y s i c s 

(i) Eva lua t ion of C r o s s - s e c t i o n Da ta ( D . A. M e n e l e y ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , p . 83 (Sept 1969). 

New v e r s i o n s of the codes C H E C K E R and D A M M E T h a v e 
been rece ived f rom Brookhaven . T h e s e differ f r o m p r e v i o u s v e r s i o n s in 
that some new fo rma t s a r e a l lowed. Both codes have b e e n m a d e o p e r a 
tional with the CDC-3600, and a r e c u r r e n t l y be ing c o n v e r t e d for u s e wi th 
the IBM-360 s y s t e m . 

E N D F / B t apes 992, 997, and 9 9 1 , con ta in ing p r e l i m i n a r y 
Vers ion II E N D F / B da ta , have been r e c e i v e d . New f o r m a t s p e r t a i n i n g to 
unresolved r e s o n a n c e p a r a m e t e r s , i n e l a s t i c s c a t t e r i n g , and f i s s i o n s p e c t r a 
r equ i re changes in ET(/iE and MC^ be fo re the d a t a for 9 of the 12 new m a t e 
r i a l s can be p r o c e s s e d . Inves t i ga t i ons into t h e s e c h a n g e s a r e be ing m a d e . 
In some cases the a l t e r a t i o n s r e q u i r e d a r e qui te e x t e n s i v e . 

(ii) R e a c t o r Computa t ions and Code D e v e l o p m e n t (B. J . Toppel ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , pp. 90-96 (Dec 1969). 

(a) F lux Syn thes i s C a l c u l a t i o n s . In the P r o g r e s s R e p o r t 
for November 1969, ANL-7640 , p . 90, it was noted tha t g r o s s e r r o r s in both 
the flux 0 and kgff occu r in s o m e flux s y n t h e s i s c a l c u l a t i o n s when us ing the 
boundary conditions 0 = 0 in the t r a n s v e r s e d i r e c t i o n . A m o r e d e t a i l e d 
analysis of the difficulty by m e a n s of ano the r s e t of s imp l i f i ed c a l c u l a t i o n s 
has shown that these r e s u l t s a r e not a c o n s e q u e n c e of e r r o r s in e i t h e r the 
analytical formula t ion o r i t s i m p l e m e n t a t i o n in the s y n t h e s i s code SYNID, 
The difficulty, r a t h e r , is i n t r i n s i c to the s y s t e m of s y n t h e s i s equa t ions and 
IS associa ted with the fact that the r e q u i r e d e i g e n v a l u e , the one tha t a p p r o x i 
mates the eigenvalue of the c o r r e s p o n d i n g diffusion c a l c u l a t i o n , is not the 
dominant one. When this happens the i t e r a t i o n p r o c e s s bu i l t into SYNID 
win natura l ly converge to the dominan t e igenva lue and i t s c o r r e s p o n d i n g 
flux, resul t ing m the g r o s s e r r o r s r e p o r t e d . 

aimed ^t = K ^. ^ s y s t e m a t i c s tudy of the p r o b l e m is now u n d e r way 
meo at a be t t e r unde r s t and ing of the diff icul ty and p o s s i b l e r e m e d i e s for i t . 
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(b) MC^ Capability in the ARC System. The ar rays in 
modules CSIOOl, CSCOOl, CSC002, and CSC003 have been variably dimen
sioned by the incorporation of BPC^INTER into their s t ructure . These 
modules have been tested for reliability by running problems with a wide 
variety of input options. 

The MC^ capability with these variably dimensioned 
modules permits the user to specify the amount of main core storage that 
he wishes to use for the variably dimensioned container ar ray . For an 
MC^ calculation with the IBM-360 computer, the container a r ray in the 
main core of the computer is typically from 40,000 to 60,000 8-byte words 
in length. In addition, the user may specify additional storage for the con
tainer a r r ay in bulk memory. By means of BP(;zSlNTER the container a r ray 
may be automatically extended into bulk storage and the user may specify 
any amount of storage up to 256,000 8-byte words. This flexibility enables 
the user to have a small container a r ray (i.e., about 40,000 words) in the 
main computer core. This permits room for large buffers which will in
crease the running-time efficiency for l/Cf) operations when large amounts 
of data are t ransfer red from core to disk, and vice versa. With these va r i 
ably dimensioned modules, one can limit the size of the container a r ray , and 
this makes it possible to limit the total region size of the computer neces
sary to execute an MC^ problem. This will enable us to run MC^ problems 
and simulate a more res t r ic t ive computer region size than might be found 
in another computer installation. 

Examples of computing-time comparisons for the 
various areas in the variably dimensioned MC calculations in ARC are 
given in Table III.A. 1. This table is an extsnsion of Table III.A.6 in ANL-
7655, p. 94. The timing considerations were run using the same problems 
as described in ANL-7655, but now with variably dimensioned a r rays in 
modules CSIOOl, CSCOOl, CSC002, and CSC003 by the incorporation of 
BP(;^INTER into their s t ructure . 

A significantly longer running time was required for 
the variably dimensioned modules CSCOOl and CSC003, which may be ex
plained as follows. For a variably dimensioned subroutine in a module, 
the variables are passed through the subroutine argument list as opposed 
to the fixed dimensioned subroutine, where these quantities are passed 
through CC^MMgJN blocks. For a variably dimensioned subroutine, the 
compiler does not optimize as effectively as with a fixed dimensioned 
subroutine. This can be observed from the object module listing where 
there a re added assembler language statements in the compilation of a 
variably dimensioned subroutine. The effect of the longer, less efficient 
compilation occurring in loops which are repeated a large number of t imes 
resul ts in a longer running time for a variably dimensioned subroutine. 
One finds this most apparent in the resolved resonance calculation in mod
ule CSCOOl. This argument was true also for the variably dimensioned 
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unresolved resonance calculations in module CSCOOl, but this increase in 
running time was offset by the decrease in time spent in a revised vers ion 
of subroutine QFJ.* This revised version uses an 8-point Gaussian inte
gration to evaluate the J function. On the other hand, the old version of 
subroutine QFJ has a l6-point Gaussian integration. Both versions have 
comparable accuracy. 

TABLE IM.A.l. Timing Considerations 

PI Fine-group 
Problem 

PI Ultrafine-group 
Problem 

Area 
ITime, sec) 

Consistent PI 

Ultraftne-group 
Problem 

Pres Prod Varbl DImsn Pres Prod Varbl Oimsn Pres Prod Varbl Dimsn 
MC^ Capbl tAC^ Capbl IVIC^ Capbl MC^ Capbl MC^ Capbl MC^ Capbl 

Calculate Unresolved and 
Resolved Resonance 
Cross Sections (CSC(M1) 

Read Input, Adjust Broad-group Structure, and 
IVtake Consistency Check ot All Input Data 

Total Time in Modules CSIOOi 

Reading Unresolved and Resolved Data, and W Table 
from ENDF/B Library 

Subroutine Finds the Maximum Number of Isotopes 

tor ttie Materials in Problem, Max Number of En

ergy Points in Unresolved Calculation for Materials 

in Problem, and Max Number of Resolved Reso

nances in Problem 

Unresolved Calculation 

Resolved Calculation 

Total Time In Module CSCOOl 

12 

Calculate Nonresonant 
Cross Sections, Calcu
late Fundamental-mode 
Fluxes, and Iterate on 
Buckling lo Critical 
(CSC002) 

Subroutine Finds ttie Max Number of Energy, Sigma 
Pairs for Use in FIG£R<B 

(Subroutine FIGERCl Calculates Fine-group Effective 
Cross Sections tor Nonresonant Quantities 

Subroutine Finds the Max Number of Energy, Sigma 
Pairs for Any Energy and for Any Material in 
INSCAT 

(Subroutine INSCAT) Calculates Inelastic and n,2n 
Cross Sections 

(Subroutine S0URCE] Calculate Fine- and Ultrafine-
group Fission Spectrum 

Input/Output Operations 

Buffer Legendre Data from ENDF/B Library 

Calculation in Subroutine ALRAGlS for 1st Iteration 

Calculation in Subroutine PiBNE for 1st Iteration 

Time Spent in Subroutine ALRAG î for 2nd througti 
nh Iterations 

Time Spent in Subroutine PiDNE for 2nd through 
4th Iterations 

Total Time in Module CSC002 

Calculate Broad-group-
averaged Macroscopic and 
Microscopic Cross Sec
tions, Calculate Broad-
group Fundamental-mode 
Fluxes (CSC003I 

(Subroutine AVER) Collapse the Ultrafine- and Fine-
group Cross Sections 

(Subroutine AVERl) Compute Individual Material 
Microscopic Cross Sections 

(Subroutine BCPCNE) Generate Homogenized 

Macroscopic Broad-group Cross Sections 

Variable Dimension, Input/Output 

Total Time in Module CSC003 

Total Running Time for Problems (sec) 

256 
(17%) 

Toppel. B. J., et al.. ANL-73i8 (June 1967). 
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In subroutine ALRAGC;̂  in module CSC002, the data 
sets which write the microscopic elastic transfer cross sections for each 
Legendre mater ia l were changed from direct access l / 0 to sequential l/(^. 
The DCB parameter for these data sets was set to 

DCB = (RECFM=VB,LRECL=888,BLKSIZE=7108). 

Note the significant decrease in running time in subroutine ALRAC^ for the 
first i teration calculation using this scheme. This is due to the fact that 
these data sets are actually sequential, so that using the direct access l/y) 
resulted in a substantial loss in efficiency. These sequential data sets are 
then read in subroutine AVERl in module CSC003. 

A large buffer size, BLKSIZE = 16000, was used to in
crease the efficiency for the l / 0 operations for transmitting the homoge
nized e las t ic-scat ter ing matr ices from disk storage to the main computer 
core. This is evident from the decrease in time spent in subroutine 
ALRAG0 for the second through fourth iterations in module CSC002, and 
also for the decrease in running time in AVER in module CSC003. 

(c) Reactor Computation System. To provide the MC 
cross-sec t ion package in ARC with the capability to perform precise 
resonance-absorption calculations, the incorporation of the combination 
of RABBLE and RABID algorithms as a module in ARC that can be option
ally involved by MC^ is being investigated. A serious problem with the 
current vers ions of the RABBLE and RABID codes is their long running 
t imes. That these codes run longer than other codes is unavoidable because 
they t rea t heterogeneit ies explicitly and accurately, instead of using equiva
lence methods to reduce a heterogeneous to a homogeneous system. How
ever, the running time of RABID and RABBLE can be reduced appreciably 
by lowering the number of times the Doppler-broadened l ine-shape functions 
are computed. This can be accomplished by specifying that only the N clos
est resonances contribute to the cross sections at a given energy point. 

A version of RABBLE for homogeneous systems has 
been writ ten in which the N closest resonances contribute to the cross 
sections at a given energy point, where N is an input quantity. This code 
was run for a mixture of carbon, ^^'Pu, and ^̂ *U to compute resonance ab
sorption between 2 and 300 eV with several values of N. The resul ts of 
these computations a re given in Table III.A.2. The absorption cross sec 
tions for ^'^Pu and ""U are for the energy range from 182 to 233 eV. Be
cause this energy range contains the broad '̂*U resonance near 190 eV, we 
have an indication as to how sensitive to N are group resonance cross sec 
tions. F rom the table it appears that including ten resonances will probably 
give adequate resonance cross sections for energy ranges in which both 
fissile and fertile nuclides have resolved resonances. At higher energies , 
where only the widely spaced resonances of '̂̂ U are resolved, fewer 
resonances need be included. 
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TABLE III.A.2. Running Times for RABBLE 
for a C/Pu/U Cell between 2 and 300 eV 

N 

2 
6 

10 
14 
18 

CPu (sec) 

29.4 
39.8 
50.4 
60.3 
69.9 

< ' (b) 

19.219 
19.393 
19.578 
19.694 
19.754 

a^i (b) 

12.748 
15.719 
15.931 
15.896 
16.092 

When the same problem was run with an older version 
of RABBLE, the running time was approximately 4 min. In the older ve r 
sion, a resonance contributed to the cross section at an energy point if 
(a) its energy was within the ultrafine group containing the energy point or 
(b) the total cross section at the boundaries of the ultrafine group was 
greaterthan aspecified value. It is seenthat the new procedure of including a 
specified number of closest resonances reduces the RABBLE running time 
for homogeneous cells to acceptable levels. 

2. Nuclear Data--Research and Development 

a. Cross Section Measurements (N. D. Dudey) 

(i) Spectrum-averaged Measurements 

Last Reported: ANL-7632, pp. 100-102 (Oct 1969). 

Determinations of capture-to-fission ratios (alpha) for 
samples of fissile materials irradiated in various positions in EBR-II are 
continuing. Radiochemical analyses of the "^U samples have been com
pleted, and mass-spectrometr ic analyses of the samples are nearing com
pletion. Radiochemical analyses of the ^*°Pu samples have begun. 

A computer code MODSIG has been developed to compute 
spectrum-averaged cross sections from differential cross sections and 
multigroup reactor-physics calculations. The main feature of this code is 
a calculation that smooths the group fluxes obtained from reactor-physics 
calculations and provides the shape of the flux distribution in a differential 
lorm. The differential cross sections are introduced into the code in the 
lorm of a polynomial expansion obtained by weighted leas t - square fitting 
to the cross-section data. The analytical expressions for the flux and 
cross sections are then multiplied and numerically integrated over the 
neutron-energy range of interest to provide a spectrum-averaged cross 
section, a. ^ t? 
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Several analytical forms for smoothing the group fluxes 
are being investigated. Evaluation has been completed of a Maxwellian 
function of the form 

f(E) = E - ' " ^ e x p ( - E / T ) , (D 

where v and T are adjustable parameters that define the shape of the 
function. Equation (l) has been used to smooth group fluxes of 16 groups, 
22 groups (generated from two different cross-sect ion sets) , and 375 groups; 
in each case , the parameter V was varied from 2 to 100, and T varied from 
0.6 to 1.29; spectrum-averaged cross sections were generated by the method 
described above. A 22-group set was also used to generate spectrum-
averaged cross sections by successively collapsing the groups to evaluate 
Aa/a as a function of the number of groups. Finally, ~ values were com
puted directly from the group fluxes with no smoothing applied, and these 
were compared with the a values determined with smoothing. 

The conclusions of the evaluation are as follows: 

(1) If 12-16 energy groups are used over the energy r e 
gion to which a monitor reaction is sensitive, the computed o values are 
insensitive (to within <2%) to the choice of parameters in f(E); in fact, the 
use of group fluxes without smoothing gives an accuracy of about 3%. 

(2) If only 4 energy groups are used, as is often the case 
for threshold react ions, the details of the smoothing function can be very 
important; without smoothing, e r ro r s can be >20%. 

(3) With 4 energy groups, a reasonable choice of the 
parameters v and T enables computation of spectrum-averaged cross 
sections which agree to within 5% of 5 values computed from a multigroup 
set of 375 energy groups. 

(4) For spectra of the EBR-II type, the optimum param
eters appear to be V = 5 and T = 0.9 near the core center, and v = 20 
and T = 0.7 in the blanket region. 

With the use of a Maxwellian form of smoothing function 
this method of calculating spectrum-averaged cross sections in EBR-II 
introduces, at worst , an uncertainty of 5%. (Uncertainties in the energy 
group fluxes and differential cross sections are additional sources of 
e r ro r . ) Evaluations of other forms for smoothing the energy groups are 
now in p rogress . 
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t . Reactor Code Center (M. Butler) 

Last Reported: ANL-7655, pp. 100-101 (Dec 1969). 

During January, four new program packages were incorporated 
in the Center library. All were developed at Knolls Atomic Power Labora
tory for the CDC-6600 computer. 

STINT3 (ACC No. 389) solves static and time-dependent sys 
tems of coupled, one-dimensional diffusion-type equations in slab geometry. 
The code provides for temperature feedback and control-rod motion, and 
was designed primarily for solving single-channel flux-synthesis equations. 
SORSDB (ACC No. 391) was written to calculate the s t r e s s intensities and 
fatigue-usage factors for p ressure vessels in accordance with ASME Code. 
The input requires the basic membrane and bending s t r e s s e s generated by 
SOR2 (ACC No. 80). The two remaining packages are both associated with 
the KAPL DATATRAN System. One, ACC No. 406, consists of the 
DATATRAN two-dimensional geometry input modules; the second, ACC 
No. 407, contains the DATATRAN utility-plotting modules. 

Distribution figures for the last quarter of calendar 1969 show 
a total of 197 program packages prepared and shipped to reques ters . 

Four programming notes were written and issued during Jan
uary. Three were written to describe corrections and changes to be made 
in the GAMTEC-2 (ACC No. 185), FLANGE-1 (ACC No. 247), and the 
IBM-360 PDQ-7 (ACC No. 275) programs. The fourth contained informa
tion and additional material on the auxiliary DATATRAN program packages 
(ACC Nos. 406 and 407). 

B- Reactor Fuels and Materials Development 

1- Fuels and Claddings--Research and Development 

a- Behavior of Reactor Materials 

(i) Development of Temperature-gradient Vacuum Furnace 
(R. O. Meyer) 

Last Reported: ANL-7640, pp. 96-98 (Nov 1969). 

The design of a versat i le tempera ture-gradient apparatus 
IS essential for successful operation of our temperature-gradient migra 
tion program. The apparatus was described in ANL-7640 and is depicted 
in ±1 ig. III.B. 1. 
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-c 

1) VACUUM JACKET 
2) POWER FEED THRU 
3)R.EC0IL 
4) INSULATING CYLINDER 
5) INDUCTION HEATED TUNGSTEN 
6) HEAT SHIELDS 
7) INSULATING SLEEVES 

VACUUM 

8) SAMPLE 
9) WATER COOLED COPPER 
10) WEIGHT 
11) PUSH-ROD 
12) TELEMICROSCOPE 
13) MICRO^ETER SLIDER 
14) SIGHT GLASS COVER 

Fig. III.B.I. Temperature-gradient Vacuum Furnace 

b . C h e m i s t r y of I r r a d i a t e d Fue l M a t e r i a l s (C. E. C r o u t h a m e l ) 

(i) D e v e l o p m e n t of Techn iques of Fue l A n a l y s i s 

L a s t R e p o r t e d : A N L - 7 6 3 2 . pp. 107-108 (Oct 1969). 

W o r k is in p r o g r e s s to deve lop a me thod of d e t e r m i n i n g 
the to ta l quan t i ty and r e l a t i v e r a d i a l d i s t r i b u t i o n of noble f i s s i o n - p r o d u c t 
g a s e s r e t a i n e d in i r r a d i a t e d fuels . C u r r e n t effort i s d i r e c t e d t o w a r d d e 
ve lop ing t e c h n i q u e s for d e t e r m i n i n g the r e l a t i v e r a d i a l d i s t r i b u t i o n of '^Kr 
f r o m a n a l y s i s of m i c r o s a m p l e s t aken by l a s e r - b e a m v a p o r i z a t i o n . P r e 
v ious a t t e m p t s to a n a l y z e the r e l e a s e d g a s e s for to ta l xenon and k ryp ton 
wi th a q u a d r u p o l e m a s s s p e c t r o m e t e r w e r e u n s u c c e s s f u l ( see ANL-7632) . 

In the me thod of a n a l y s i s p r e s e n t l y being eva lua t ed , a 
s a m p l e is b e t a - c o u n t e d for ^^Kr (half- l i fe of 10.5 y r ) wi th a p r o p o r t i o n a l 
c o u n t e r ; the ac tua l amoun t of ^^Kr p r e s e n t wil l be d e t e r m i n e d f rom d a t a 
ob ta ined by count ing s e l e c t e d s a m p l e s with an abso lu te be t a c o u n t e r . * 

T h e e x p e r i m e n t a l p r o c e d u r e is as fol lows: ( l ) the l a s e r 
is focused on a s e l e c t e d a r e a of the fuel s a m p l e held within a v a c u u m 
c h a m b e r , (2) the c h a m b e r is evacua t ed and inac t ive k ryp ton c a r r i e r gas is 

•This work is being performed by I. Gray of the Chemistry Division. 
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added to prevent a d s o r p t i o n of '^Kr on the wa l l s of the s y s t e m , (3) the l a s e r 
is fired, and (4) the r e l e a s e d *^Kr and c a r r i e r gas a r e t r a n s f e r r e d c r y o g e n -
ical ly through a Mi l l i po re f i l ter (to r e m o v e o the r f i s s i o n - p r o d u c t ac t iv i ty ) 
to a sample tube for s u b s e q u e n t b e t a - c o u n t i n g . 

The m a j o r p r o b l e m a s s o c i a t e d wi th the l a s e r - s a m p l i n g 
technique is in c o r r e l a t i n g the amoun t of fuel v a p o r i z e d wi th the a m o u n t of 
**Kr r e l e a s e d . S e v e r a l m e t h o d s a r e being c o n s i d e r e d . The f i r s t is a g e o 
m e t r i c calcula t ion of the v o l u m e of the c r a t e r p r o d u c e d by the l a s e r . The 
second method involves condens ing the nonvo la t i l e c o n s t i t u e n t s of the fuel 
on a cover g lass and ana lyz ing th i s m a t e r i a l for '**Ce, a f i s s i o n p r o d u c t 
that is uniformly d i s t r i b u t e d in i r r a d i a t e d oxide fue l s . A p r o b l e m tha t 
a r i s e s with e i ther method is tha t m e l t i n g of the fuel a r o u n d the edge of the 
c r a t e r probably r e l e a s e s addi t iona l f i s s ion gas f r o m tha t a r e a . H o w e v e r , 
if the intensi ty of the l a s e r b e a m can be r e g u l a t e d to p r o d u c e a u n i f o r m 
t e m p e r a t u r e and un i fo rm s a m p l e s i z e s , r e l a t i v e d i s t r i b u t i o n s of the f i s s i on 
gases as a function of r a d i a l pos i t ion can be ob ta ined . 

An in i t ia l t e s t of the p r o c e d u r e was m a d e wi th a c r o s s s e c 
tion of a 13% enr iched UO2 fuel p in tha t was i r r a d i a t e d in MTR to - 6 . 5 at . % 
burnup and cooled ~3 y r . Ten l a s e r sho t s w e r e m a d e at v a r i o u s l o c a t i o n s 
a c r o s s the rad ius of the fuel pin. The gas r e l e a s e d by the l a s e r sho t s was 
be ta-counted , and *'Kr was ea s i l y d e t e c t e d in al l r e g i o n s of the fuel. 
G a m m a - s p e c t r o m e t r i c a n a l y s i s of the ^^Kr s a m p l e s showed tha t s e p a r a 
tion from other long- l ived f i s s ion p r o d u c t s was e x c e l l e n t . In th i s p r e l i m i 
nary t e s t , s ample s i ze s w e r e e s t i m a t e d f r o m the d i a m e t e r s of the c r a t e r s 
on the assumpt ion that the c r a t e r s w e r e h e m i s p h e r i c a l . Al though l a r g e 
e r r o r s may be involved in this a s s u m p t i o n , the r e s u l t s i n d i c a t e d tha t the 
concentra t ion of "^Kr in the o u t e r , u n r e s t r u c t u r e d r e g i o n of the fuel was 
somewhat higher than in the c o l u m n a r - g r a i n r e g i o n . 

Work now in p r o g r e s s is be ing d i r e c t e d t o w a r d m o r e a c c u 
ra te m e a s u r e m e n t of the s i z e s of the l a s e r s a m p l e s . 

c- T h e r m o d y n a m i c s of Fue l M a t e r i a l s 

'^' P a r t i a l P r e s s u r e s of Vapor S p e c i e s in the T e r n a r y 
U - P u - C S y s t e m (P. E. B l a c k b u r n and R. K. E d w a r d s ) 

Las t R e p o r t e d : A N L - 7 6 3 2 , pp. 108-109 (Oct 1969). 

u ^ 3 ^ , „ ^ , , . ' ^ ^ ^ ^ - s p e c t r o m e t r i c s t u d i e s of the v a p o r i z a t i o n of t he 
e ^ u x l ' b T i i " " " ' ' ' ° " " ^ ^ ^ ^ ^ ^"^^ ^'^ ^<^i"g - - ^ ^ t ° d e t e r m i n e the 
and c a r C - " " " : ' " ° ' ' ^ ' " " P ° ' " ^ ^ ^ " ^ ^ ^^ ^""^^^""^ °' t e m p e r a t u r e 
dynam" data f o T ' ^ " - ^ " ^ ^ ^ "^*^ " ^ ^ ^ ' ^ ^ ^ ' ^ *° e s t a b l i s h t h e r m o -

ynamic data for the fuel, including the a c t i v i t i e s of u r a n i u m , p l u t o n i u m 
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and c a r b o n in the fuel. T h e s e ac t i v i t i e s a r e i m p o r t a n t in d e t e r m i n i n g the 
fuel c o m p o s i t i o n l i m i t s a n d / o r fuel buffers n e c e s s a r y to l i m i t u r a n i u m and 
p lu ton ium a c t i v i t i e s to l e v e l s be low t h o s e which would f o r m l o w - m e l t i n g 
a l loys with the s t a i n l e s s s t e e l c ladding . In addi t ion, the da t a m a y be u s e d 
for e s t a b l i s h i n g c r i t e r i a n e c e s s a r y for l imi t ing c a r b o n so lu t ion in s t a i n l e s s 
s t e e l to l e v e l s be low t h o s e at which c ladding e m b r i t t l e m e n t o c c u r s , and for 
con t ro l l i ng a c t i v i t i e s of f i s s i o n - p r o d u c t e l e m e n t s o r c a r b i d e s po t en t i a l l y 
c o r r o s i v e to s t a i n l e s s s t e e l . The da t a a r e a l so i m p o r t a n t in c a l c u l a t i n g 
m a t e r i a l t r a n s p o r t by v a p o r i z a t i o n , both in the o p e r a t i n g fuel and d u r i n g 
fuel s y n t h e s i s . S tud i e s wil l be m a d e of Uo.gPuo^jCi+x- c o r r e s p o n d i n g to 
fuel wi th z e r o i r r a d i a t i o n . S tud ies wil l then be m a d e of s i m u l a t e d fuel 
with f i s s i o n p r o d u c t s . 

The i n v e s t i g a t i o n of the b i n a r y P u - C s y s t e m , which had 
b e e n u n d e r t a k e n f i r s t , was c o m p l e t e d , and the final r e s u l t s w e r e s u m m a 
r i z e d in the P r o g r e s s R e p o r t for Ju ly 1969, A N L - 7 5 9 5 , p. 95 ; th i s w o r k 
will be d e s c r i b e d in g r e a t e r de t a i l in the l i t e r a t u r e . * The P u - C s tudy was 
c a r r i e d out wi th a Bend ix t i m e - o f - f l i g h t m a s s s p e c t r o m e t e r . H o w e v e r , the 
p r o j e c t e d -work wi th the t e r n a r y U - P u - C s y s t e m wil l be c a r r i e d out wi th a 
q u a d r u p o l e m a s s s p e c t r o m e t e r , b e c a u s e the h i g h e r s e n s i t i v i t y of t h i s i n 
s t r u m e n t i s r e q u i r e d to m e a s u r e with suff ic ient a c c u r a c y the p a r t i a l v a p o r 
p r e s s u r e s of both u r a n i u m and p lu ton ium over t h e i r r a n g e s of a n t i c i p a t e d 
v a r i a t i o n . S tud ie s of the P u - O and U - P u - O s y s t e m s wil l a l so be m a d e wi th 
th is a p p a r a t u s ; th i s p r o g r a m is being s u p p o r t e d unde r ano the r ac t iv i ty . 

The l a s t r e p o r t of the s t a t u s of a p p a r a t u s d e v e l o p m e n t was 
given wi th r e s p e c t to the oxide s tud ies in P r o g r e s s R e p o r t for N o v e m b e r 1969, 
A N L - 7 6 4 0 , p . 125. The n e c e s s a r y p e r f o r m a n c e t e s t s of the effusion a p p a 
r a t u s con t inue with u r a n i u m ox ides p r i o r to c los ing up the con ta in ing g l o v e 
box. The t e m p e r a t u r e of the effusion cel l can a p p a r e n t l y be he ld c o n s t a n t 
to b e t t e r than our m o s t s e n s i t i v e d e t e c t i o n l i m i t s (+5°C). B e c a u s e of t h i s 
c o n s t a n c y , the effusing s y s t e m should be t r u l y i n v a r i a n t in a p r a c t i c a l way 
at the c o n g r u e n t l y effusing c o m p o s i t i o n ; o p t i m u m condi t ions a r e c o n s e q u e n t l y 
p r o v i d e d for d e t e r m i n i n g the i on i za t i on -e f f i c i ency c u r v e s needed as p a r t of 
the c a l i b r a t i o n i n f o r m a t i o n for our i n s t r u m e n t . In the s t u d i e s of u r a n i u m 
o x i d e s , t he p r e l i m i n a r y c u r v e for the UO s p e c i e s looks v e r y s a t i s f a c t o r y , 
and s i m i l a r c u r v e s for the o the r s p e c i e s a r e being r e d e t e r m i n e d and e v a l u 
a ted for p o s s i b l e p r e s e n c e of ion f r a g m e n t s . Some s l igh t d r i f t ing of i o n -
c u r r e n t v a l u e s wi th t i m e is be ing e n c o u n t e r e d , which m a y be due to d r i f t s 
in e i t h e r i n s t r u m e n t e l e c t r o n i c s or s a m p l e t e m p e r a t u r e . F u r t h e r w o r k in 
c a l i b r a t i o n and a s s e s s m e n t of the c a p a b i l i t i e s of the a p p a r a t u s wi l l p r e c e d e 
the p l anned p lu ton ium s t u d i e s . 

*Battles, J. E.. Shinn, W. A., Blackburn, P. E., and Edwards, R. K., A Mass-spectrometric Study of the 
Volatilization Behavior in the Plutonium-Carbon System, High Temp. Sci. (in press). 
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Continuing t h e o r e t i c a l a n a l y s e s a r e d i r e c t e d t o w a r d s i m 
plifying the d e t e r m i n a t i o n of i o n i z a t i o n c r o s s s e c t i o n s which a r e n e e d e d for 
convert ing i o n - c u r r e n t o b s e r v a t i o n s to p a r t i a l - p r e s s u r e v a l u e s , and t o w a r d 
analogous (but much m o r e difficult) t r e a t m e n t of t e r n a r y s y s t e m s . 

d. Oxide Fue l S tudies 

(i) Fue l E l e m e n t Model ing (T. R. Bump) 

L a s t R e p o r t e d : A N L - 7 5 9 5 , pp. 2 - 4 (July 1969). 

Acco rd ing to p r e d i c t i o n s of the f u e l - e l e m e n t - l i f e t i m e code , 
SWELL, p roposed m i x e d - o x i d e fuel e l e m e n t s for lOOO-MWe L M F B R s often 
will fail f i r s t at the hot ends of the e l e m e n t s , w h e r e the c l add ing is the w e a k 
est . At l e a s t one of the lOOO-MWe c o n t r a c t o r s h a s a l so p r e d i c t e d such b e 
havior . T h e r e f o r e , it would s e e m tha t l o n g e r - l i v e d fuel e l e m e n t s m i g h t be 
obtained by (a) r educ ing the loads on the c ladding at the hot end a n d / o r 
(b) s t rengthening the c ladding at the hot end. 

Acco rd ing to the S W E L L code (and o t h e r s o u r c e s ) , l oads on 
the cladding can be d e c r e a s e d by r educ ing effect ive fuel d e n s i t y ( i . e . , the 
fraction of the e l e m e n t c r o s s s e c t i o n occup ied by fuel) , so tha t m o r e r o o m 
is provided ins ide the c ladding to a c c o m m o d a t e f i s s i o n - p r o d u c t bu i ldup . 
(This approach has m e r i t only if the c ladd ing l oads a r e p r i m a r i l y due to 
fuel swelling r a t h e r than to g a s - p l e n u m p r e s s u r e . ) Thus it would a p p e a r 
that an opt imum f u e l - e l e m e n t d e s i g n m i g h t e m p l o y a h igh ef fec t ive fuel 
densi ty at the cold end and a l o w e r fuel d e n s i t y at the hot end, in o r d e r to 
i n c r e a s e fue l -e lement l i f e t ime without d e g r a d i n g the a v e r a g e fuel v o l u m e 
fraction. 

To i l l u s t r a t e the f ea s ib i l i t y of t h i s s c h e m e , the S W E L L 
code was modified to the S W E L L - 2 D 3 v e r s i o n , * which can t r e a t e f fec t ive 
fuel densi ty as a function of ax ia l pos i t i on . S W E L L - 2 D 3 was u s e d to i n 
ves t iga te the effects of axial v a r i a t i o n s in effect ive fuel d e n s i t y on the l i f e 
t imes of mixed-ox ide fuel e l e m e n t s hav ing 0 . 3 0 0 - i n . - c l a d d i n g OD, 0 . 0 1 5 - i n . -
cladding wall t h i c k n e s s , a coolant in le t t e m p e r a t u r e of 780°F , a coo lan t 
t e m p e r a t u r e r i s e of 370°F, a p l e n u m - t o - f u e l v o l u m e r a t i o (p l enum at hot 
?ni5 °/ ' ' ° ' " ^ ^ ^ " ^ ^ " c o n s t a n t s , an a v e r a g e ef fec t ive n e u t r o n flux of 4 x 

n / c m - s e c , a v e r a g e l i n e a r hea t fluxes of 8-14 kW/f t , and an ax ia l 
m a x i m u m - t o - a v e r a g e neu t ron flux of 1.15. In the c a l c u l a t i o n s , fuel en 
r ichment was a s s u m e d to be cons t an t and n e u t r o n flux was a s s u m e d to 
mainta in its no rma l c h o p p e d - c o s i n e ax ia l d i s t r i b u t i o n . The ax ia l d i s t r i -

ax i a rn / T ! ' ^ ' ^ * ^ " ^ ^^' " ^ " ^ ^ a c c o r d i n g l y to r e f l e c t the c h a n g e s in 
axial d is t r ibut ion of effective fuel dens i t y , (in a c t u a l i t y , the ax ia l d i s t r i b u -
lon of neutron flux would a l so be changed s o m e w h a t wi th a x i a l v a r i a t i o n s 

in luel densi ty.) 

*etementTeni''« I ^ ^ ' y that has the added capability of predicting overall changes of fuel 
lement length, as an aid to the comparison of predictions with experime::E. 
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Two methods of varying the effective fuel density with 
axial position were studied: (a) only two discrete densities were used, the 
higher toward the element cold end, and the lower toward the hot end, and 
(b) linear density variation, again with the higher densities employed to
ward the element cold end. Either of these two methods appears to have 
the added benefit that the "fuel-slumping" accident would become less 
severe. The former method appears to be the simplest to apply in actual 
practice. A specific number of high-density pellets would be loaded into 
the cladding at one stage of assembly, with weights of individual pellets 
and total number and weight loaded monitored automatically. Subsequently, 
at a separate assembly stage, another number of lower-density pellets 
would be loaded and monitored in the same way. 

Table III.B.I gives some of the results obtained by study
ing the two-discrete-densi ty method. According to these resul ts , manipu
lating densities by this method should be done with care because fuel-
element lifetime could be reduced instead of increased. Of all the 
combinations examined, Case 5 currently offers the most promise of 
delivering long life with a high average effective fuel density. 

TABLE I I I . B . I . P r e d i c t e d Effects of Employ ing Two D i s c r e t e 
Effect ive Fuel D e n s i t i e s in Mixed -ox ide Fuel E l e m e n t s 

C a s e 

1 
Z 
3 
4 
5 
6 
7 
8 
9 

10 

Axia l Avg 
Effec t ive 

F u e l 
Dens i ty 
(% TD) 

85 
85 
85 
85 
85 
75 
75 
75 
75 
75 

Effec t ive 
Fue l 

Dens i ty 
at Fue l 

Cold End 
{% TD) 

85 
90 
95 
90 
95 
75 
80 
85 
80 
85 

F r a c t i o n of 
Fue l Height 

Having 
Co ld -end 

Fue l Dens i ty 

1.00 
0.50 
0.50 
0.33 
0.33 
1.00 
0.50 
0.50 
0.33 
0.33 

Avg 
Burnup 

at End of 
Life {\) 

5.2 
3.8 
2.2 
5.8 

11.0 
8.8 

13.2 
4.4 

10.8 
13,2 

Avg L i n e a r Heat 

8 

Axial 
P o s i t i o n 
of Point 

of F a i l u r e 
(x/Lf) 

0.75 
0.42 
0.42 
0.75 
0.75 
0.75 
0.75 
0.42 
0.75 
0.75 

F lux (kW/ft) 

Avg 
Burnup 

at End of 
Life (%) 

5,0 
4,2 
4.6 
4.2 
9.4 
8.6 
9.4 
8.4 

10.0 
8.4 

14 

Axial 
P o s i t i o n 
of Po in t 

Df F a i l u r e 
(x /Lf) 

0,58 
0.25 
0.42 
0.25 
0.58 
0.75 
0.92 
0,08 
0.92 
0,08 

Calculations were also performed in which the second 
method of varying effective fuel density, linearly with axial position, was 
employed. Here it was predicted that such variations should increase 
fuel-element lifetime as long as only gradual variations of density a re 
used, but that steeper variations can cause lifetime to fall off. 

Although some of the results seem inconsistent, when they 
are examined in detail they always are found to be consistent with the basic 
assumptions (correct or incorrect) of the SWELL code. These resul ts 
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suggest that it would be worthwhile to investigate axial variat ions in clad
ding wall thickness, simultaneously with effe ctive-fuel-density var ia t ions , 
to find a combination that would provide the maximum core fuel volume 
fraction and minimum core steel volume fraction compatible with an 
acceptably long fuel-element lifetime. 

(ii) Oxide-fuel Swelling Mechanisms and Models 
(R. B . Poeppel) 

Last Reported: ANL-7640, pp. 103-106 (Nov 1969). 

In order to provide a model for swelling and gas re lease in 
oxide fuels, a counting procedure was developed (see P rog re s s Report for 
July 1969, ANL-7595, pp. 91-92) to calculate rather quickly, and with a 
reasonable degree of accuracy, the fission-gas bubble-size distribution in 
the fuel element. A rigorous derivation of this counting procedure was 
given in ANL-7640. Before the procedure is employed in actual fuel-
element modeling, it should be tested against other methods of calculation. 
Gruber* has performed the complete calculation of bubble coalescence in 
which the bubbles undergo random walk by the mechanism of surface dif
fusion. Gruber's analysis is completely dimensionless and can be applied 
to any material. 

In order to compare the new counting procedure with 
Gruber's complete analysis, all of Gruber 's approximations are taken 
over directly. These include: (l) the gas can be described by the perfect 
gas law, and (2) the gas pressure in the bubble is balanced by the surface 
energy of the material. Gruber 's Eqs. (l )-(3) were used in the present 
calculation with m = 2. In Eqs. (2) and (3), f(i) is given by 

f(i) = l / ( m " - m " - ' ) . 

The largest n considered was n = 10, which corresponds to the la rges t 
bubble considered, containing 1024 gas atoms. This is approximately the 
size of Gruber's largest bubble. The contrast between the present calcu-
latio.1 and Gruber's method is that Gruber used 200 equations and approxi
mately 1 hr of computer time, whereas the present calculation uses 
10 equations and less than 1 min of computer t ime. The resul ts of the 
two methods are identical for the mean radius and the total swelling 
uruber s Fig. 3 was reproduced to within a few percent. 

Grnber'= 1 '^^^ short-cut counting procedure was also compared with 
found tn ' ' ' ' ' , ^'^'^'^ migration. Mean radius and total swelling were 
IZntLTl : J " " * '•"^"^^'^ '^•"^- The s l o p e s , h o w e v e r , a r e g r e a t e r 
than those obtained by G r u b e r , 5.9 for the v o l u m e i n c r e a s e and 0.85 for the 

*Gruber, E. E., J. Appl. Phys. 38, 243-250 (196T). 
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mean radius . The calculation is quite sensitive to the largest bubble size 
considered. Gruber used bubbles that contained up to lO'' atoms but, in the 
present calculation, the maximum n was 20 and m = 3, so that the largest 
bubble was 3 °̂ or somewhat greater than 3 x lO' gas atoms. 

(iii) Fuel-element Performance (L. A. Neimark, W. F. Murphy, 
and H. V. Rhude) 

(a) Irradiation of Group 0-3 Fuel Elements 

Last Reported: ANL-7655, p. 103 (Dec 1969). 

The Group 0-3 encapsulated mixed-oxide fuel elements 
were loaded into EBR-II for Run 39. The elements are in Subassembly X072 
in position 6E2. At the end of Run 39A, 771 MWd had been accumulated 
toward the first target exposure of 9500 MWd (3.5 at. % burnup). 

(b) Out-of-reactor Simulation Experiments 

Last Reported: ANL-7640, p. 110 (Nov 1969). 

A Centorr high-temperature furnace with controlled 
heating and cooling capabilities between 50 and 2500°C has been acquired 
for use in the study of fuel-cladding mechanical interactions. The tungsten 
heating element of the furnace will be enclosed in the center of a column of 
clad oxide fuel to simulate the internal heat generation within a fuel ele
ment. The furnace, which can be used with either a vacuum or an inert 
a tmosphere, is being assembled. Tests witji a furnace mockup showed that 
some modification of the lower liquid-metal contact of the axial tungsten 
heater will be necessary before temperatures above 1600°C can be achieved. 
At this tempera ture the liquid metal , which allows thermal expansion of the 
tungsten heating element, vaporizes significantly. 

(iv) Compatibility between Uranium-Pluto nium Oxide and 
Cladding Alloys (T. W. Latimer) 

Last Reported: ANL-7581, p. 3 (June 1969). 

Microhardness measurements were completed for three 
vanadium alloys containing 1 5 wt % chromium and 0-1 wt % titanium after 
contact with (Uo.sPuo.2)01.97 for 1000 hr at 700°C. Previous compatibility 
tes ts have shown that oxygen diffused into vanadium and vanadium alloys 
at 700-800°C when in contact with this fuel composition. Although evidence 
of this increased oxygen content in the vanadium alloys cannot always be 
seen metallographically, these changes can be detected by microhardness 
measurements . The resul ts of the microhardness measurements are 



102 

shown in F ig . III.B.2 and inc lude the a l loy V-15 wt % C r - 5 wt % Ti r e p o r t e d 
previous ly (see P r o g r e s s R e p o r t for A p r i l - M a y 1969, A N L - 7 5 7 7 , pp . 4 - 5 ) . 
The vanadium al loys ident i f ied as V - 1 5 wt % C r - 0 . 3 wt % T i , V - 1 5 wt % 
C r - 1 wt % Ti , and V-15 wt % C r - 5 wt % Ti a c t u a l l y con ta ined 0 .26 , 0 .97 , and 
5.5 wt % Ti , r e s p e c t i v e l y . 
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Fig. III.B.2. Effect of Titanium Additions on the Hardness Profiles of Vanadium-15 wt % 
Chromium Alloys in Contact with (UQ gPug 2)0^ ĝ  for 1000 hr at 700°C 

The t e s t s show that even v e r y s m a l l a m o u n t s of t i t a n i u m in 
vanadium alloys s ignif lcant ly affect the h a r d n e s s of t h e s e a l loys in con tac t 
with (U,Pu)Oi_,7. P r e v i o u s t e s t s at a t e m p e r a t u r e of 800°C h a v e shown tha t 
vanadium alloys containing 0.75 at . % Z r ( -1 .3 wt %) w e r e a l so c o n s i d e r a b l y 
hardened by the fuel. The i n v e r s e r e l a t i o n s h i p be tween the t i t a n i u m conten t 
and the depth of the h a r d e n e d zone found with a l loys conta in ing h i g h e r p e r 
centages of t i t an ium was a lso found with t h e s e a l loys ( s ee P r o g r e s s R e p o r t 
for October 1968, ANL-7513 , pp. 3-4) . 

The h a r d n e s s p ro f l l e s of V, V-10 wt % C r , and V-15 wt % C r 
after contact with (U ,Pu)0 , „ at 700°C, a r e c o m p a r e d in F ig . I I I .B .3 . Unde r 
these tes t condi t ions , t h e s e c u r v e s tend to i nd i ca t e tha t the r e l a t i v e change in 
h a r d n e s s , and, t h e r e f o r e , the change in oxygen conten t , d e c r e a s e s as c h r o 
mium IS added to vanad ium. Although the oxygen con ten t s of t he a l loys w e r e 
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not d e t e r m i n e d , s t u d i e s of v a n a d i u m - c h r o m i u m al loys conta in ing 0-20 wt % 
C r at e q u i l i b r i u m in c o l d - t r a p p e d s o d i u m have shown a d e c r e a s e by a f a c 
to r of eight in the oxygen content as the c h r o m i u m content was i n c r e a s e d 
f rom 0 to 20 wt %. 
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Fig. III.B.3. Hardness Profiles of Vanadium and Vanadium-Chromium Alloys 
after Contact with (UQ gPug ^J^i 97 for 1000 hr at 700°C 

2. T e c h n i q u e s of F a b r i c a t i o n and T e s t i n g - - R e s e a r c h and D e v e l o p m e n t 

a. N o n d e s t r u c t i v e T e s t i n g R e s e a r c h and D e v e l o p m e n t (H. B e r g e r ) 

(i) N e u t r o n R a d i o g r a p h y ( j . P . Ba r ton ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 96-97 (Sept 1969). 

S tud ies of s m a l l - s o u r c e neu t ron r a d i o g r a p h y tha t u t i l i z e a 
141-;Ug ^^^Cf s o u r c e a r e cont inuing. 

A d o m i n a n t effect in t h e r m a l - n e u t r o n r a d i o g r a p h y that u s e s 
a s m a l l s o u r c e is the l i m i t a t i o n of i m a g e qual i ty due to i n t e r f e r e n c e effects 
f rom unwanted r a d i a t i o n s . As the coUimat ion is i m p r o v e d , the r a t i o of u s e 
ful, c o l l i m a t e d n e u t r o n r a d i a t i o n to i n t e r f e r e n c e r a d i a t i o n d e c r e a s e s . It i s , 
t h e r e f o r e , i m p o r t a n t to d e t e r m i n e the o p t i m u m combina t ion of p a r a m e t e r s , 
which inc lude c o l l i m a t i o n r a t i o , coUimat ion d i m e n s i o n s , b e a m - e x t r a c t i o n 
g e o m e t r y , d e t e c t i o n , and sh ie ld ing . 

C o l l i m a t o r r a t i o s ove r the r a n g e f rom 30:1 to 7:1 h a v e b e e n 
e v a l u a t e d . The e x p o s u r e t i m e s c o r r e s p o n d i n g to a cons t an t r a d i o g r a p h i c 
d e n s i t y do not v a r y in p r o p o r t i o n to the s q u a r e of the c o l l i m a t o r r a t i o , as 
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would have been an t i c ipa ted f rom c o n s i d e r a t i o n s of i n v e r s e - s q u a r e l aw. 
Reasons for this lack of p r o p o r t i o n a l i t y could be that ( l ) r a d i o g r a p h i c d e n 
sity is not en t i r e ly due to c o l l i m a t e d n e u t r o n s , (2) c o l l i m a t o r s with s m a l l e r 
a p e r t u r e converge m o r e p r e c i s e l y on the peak t h e r m a l flux, and (3) s m a l l e r 
co l l imators cause l i t t l e flux d e p r e s s i o n in the s o u r c e r e g i o n . R e s u l t s a l s o 
show how the c o n t r a s t s of v a r i o u s a b s o r b e r s d e p r e c i a t e as the c o l l i m a t o r 
ra t io is i n c r e a s e d , but the o v e r a l l v i s i b i l i t y of d e t a i l s in th i ck ob jec t s i s 
noticeably improved . 
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Fig. III.B.4 

Experimental Evaluation of Contrast Capabilities in 
Cf Thermal-neutron Radiography for Four Ab-252, 

sorber Materials and for Four Beam-extraction 
Geometries. Collimator ratio in each case is 15:1, 
with an inlet aperture of 25 mm. 

The effect of c o l l i m a t o r d i 
m e n s i o n s , for a c o n s t a n t c o l l i m a t o r 
r a t i o , h a s a l so b e e n e v a l u a t e d . C o l 
l i m a t o r s of s m a l l d i m e n s i o n s show 
s u p e r i o r e x p o s u r e - s p e e d c h a r a c t e r 
i s t i c s ; h o w e v e r , when c o n t r a s t i s 
c o n s i d e r e d , the pos i t i on is r e v e r s e d 
and the c o l l i m a t o r of l a r g e r d i m e n 
s ions y ie lds s u p e r i o r r e s u l t s . 

F o u r b e a m - e x t r a c t i o n g e o m 
e t r i e s h a v e been c o m p a r e d , and the 
s e n s i t i v e effect can be o b s e r v e d in 
F i g s . I I I .B.4 and I I I .B .5 . G e o m e t r y F 
c o r r e s p o n d s to the c o l l i m a t o r po in t 
ing d i r e c t l y at the s o u r c e and wi th the 
a p e r t u r e c l o s e to the s o u r c e . Note 
the high c o n t r a s t for l e ad , which is 
due to the g a m m a - r a y c o n t a m i n a t i o n . 
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Fig. III.B.5 

Resolution Capabilities in 
252cf Thermal-neutron 
Radiography for Four Beam-
extraction Geometries. Col
limator ratio in each case is 
15:1, with an inlet aperture 
of 25 mm. 
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Geometries B, G, and H correspond to the collimator passing tangentially 
by the source in order to avoid direct gamma radiation. In B the aper ture 
is immediately beside the source, in G a 5-cm gap filled with water is be
tween the aper ture and the source, and in H the water in the 5-cm gap is 
replaced with air . Although the air-gap arrangement is 50% less rapid in 
exposure rate than the close tangential arrangement, it does provide very 
significant improvements in both contrast and resolution tes ts . 

(ii) Laser Studies and Holography (N. Fernelius) 

Last Reported: ANL-7640, p. 111 (Nov 1969). 

The objects previously studied, mainly cylinders, had mod
erately complex surfaces. The fringe systems obtained with double-exposure 
holography were curved and, therefore, difficult to analyze. An attempt was 
made to check the theory for a very simple surface. The object chosen was 
a piece of flat, aluminum bar stock (6.5 cm wide) that had been vapor blasted 
for a matt finish. It was mounted in a moveable holder on a small lathe bed. 
A dial indicator was used to measure displacements, accurate to ±0.0002 in. 
A diverging reference beam was used. The axis of the reference beam was 
inclined at an angle of 20° from normal at the center of the photographic 
plate. The lathe bed axis was normal to the photographic plate. The double-
exposure holographic-interferometry technique was used. Between expo
sures the aluminum bar was displaced along the axis of the lathe bed in one 
ser ies of exposures, and perpendicular to the axis in another se r i e s . Rea
sonably ver t ical fringes were obtained for perpendicular displacements. For 
movement perpendicular to the axis of the lathe bed, a displacement of 
0.0002 in. yielded 1 fringe, and a displacement of 0.008 in. yielded 40 fringes, 
which was about the limit of fringes that could be resolved easily. For move
ment along the lathe axis, 1 fringe was obtained for a displacement of 
0.0005 in. and about 50 fringes for 0.010 in. The bar was mounted on a 
sextant head and rotated around a vert ical axis between exposures. A ro 
tation of l /2° of a rc , which was the smallest attainable, was great enough 
to wash out the fringe system. A He-Ne laser , with a wavelength of 25 ^in. 
(6328 A), was used. The smallest movement that yielded 1 fringe was 
0.0002 in., or eight wavelengths. In summary, these studies indicate that 
holographic interferometry studies are not as sensitive as people had been 
led to believe. Claims have been made of sensitivity down to one-tenth of a 
wavelength. 

b. NDT Measurement of Effective Cold Work in Cladding Tubes 
(N. J . Carson and C. J. Renken) 

Last Reported: ANL-7655, pp. 106-107 (Dec 1969). 

This program is a study of the feasibility of measuring the 
effective cold work in cladding tubes by nondestructive testing (NDT) 
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techniques. The work is aimed specifically at AISI Type 316 stainless steel 
tubing of the size and shape to be used in F F T F . This program is divided 
into two elements: (l) the characterizing of cold-worked tubes to be used 
in standardizing the NDT techniques, and (2) the screening of potentially 
suitable nondestructive testing techniques. 

A series of 18 rods, 0.300 in. in diameter , was prepared with 
reductions* of 0-40%. The starting mater ia l was AISI Type 316 stainless 
steel bar obtained from PNL. It was reduced from 1-;̂  in. in diameter to 

10 

0.566 in. in d i a m e t e r by r o l l i n g , and was a n n e a l e d for 30 m i n at 1850°F. 
The annealed rods w e r e then r e d u c e d 48% to 0.408 in. in d i a m e t e r and 
machined to m a k e long, t e n s i l e s p e c i m e n s . The r e d u c e d d i a m e t e r of e a c h 
spec imen was ca lcu la t ed to p r o d u c e a r od 0.307 in. in d i a m e t e r a f te r a 
specific elongation. The t e n s i l e s p e c i m e n s w e r e aga in a n n e a l e d for 30 m i n 
at 1850°F. 

Each t e n s i l e s p e c i m e n was e longa ted and d i a m e t e r m e a s u r e 
ments taken along i ts length . P e r c e n t r e d u c t i o n in a r e a w a s c a l c u l a t e d 
from dianaeter m e a s u r e m e n t s m a d e b e f o r e and a f t e r , and p lo t t ed as a 
function of posi t ion for each rod . The h e a v i e r ends w e r e then r e m o v e d o r 
1 educed, and the e n t i r e rod was r e d u c e d to a u n i f o r m d i a m e t e r on a c e n -
t e r l e s s belt g r i n d e r . Each rod was then e t ched in a 50:50 so lu t i on of HCl 
and water at 70°F to a d i a m e t e r of a p p r o x i m a t e l y 0.300 in . 

The worked l a y e r p r o d u c e d in c e n t e r l e s s be l t g r i n d i n g p e n e 
t ra ted l ess than 0.001 in. The amoun t of m e t a l r e m o v e d by e t ch ing , wh ich 
was approx imate ly 0.003 in. on the d i a m e t e r , w a s m o r e t h a n suf f ic ien t to 
remove the worked l a y e r . 

One se t of worked rods was p r e s e r v e d for s c r e e n i n g NDT t e c h 
niques; another se t was s ec t i oned for d e s t r u c t i v e a n a l y s i s . S a m p l e s wi th 
reduct ions from 0 to 40% w e r e p r e p a r e d for t r a n s m i s s i o n e l e c t r o n m i 
croscopy (TEM) and a r e being examined . A n o t h e r s e r i e s of s a m p l e s a r e 
being examined by opt ica l m i c r o s c o p y . Both long i tud ina l and t r a n s v e r s e 
sect ions were p r e p a r e d f rom s a m p l e s wi th e ight d i f fe ren t d e g r e e s of r e 
duction between 0 and 35%. E a c h s a m p l e was e l e c t r o l y t i c a l l y e t ched t w i c e : 
f i rs t in a solution containing equal p a r t s of n i t r i c ac id and w a t e r , t h e n in a 
solution of 5% oxal ic acid in w a t e r . 

The outs tanding f e a t u r e of the w o r k e d m i c r o s t r u c t u r e i s the 
p re sence of de fo rmat ion twins in the h igh ly w o r k e d s a m p l e s . Twinning 
became obvious at be tween 10 and 15% r e d u c t i o n , and con t inued to i n c r e a s e 
through 3 5% reduc t ion . The s a m p l e r e d u c e d 3 5% was e x a m i n e d by X - r a y 
a u i r a c t i o n and yielded a p a t t e r n i nd i ca t i ve of a f a c e - c e n t e r e d - c u b i c 
s t r u c t u r e only. 

*A1I reductions are in percent by : 
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The fact that the presence of a deformation-produced second 
phase, such as body-centered-cubic martensite or ferr i te , was not de
tected was encouraging, since it increased the probability that simple 
microhardness measurements could be used to indicate cold work. Indeed, 
this was found to be the case. A ser ies of hardness measurements was 
made of annealed Type 316 stainless steel using loads of 50, 100, 200, 500, 
and 5000 g. Ten measurements were made at each load with sufficient 
distance between measurements to avoid any interaction. The average 
reading obtained was found to decrease as the load increased; however, 
the difference between the highest and lowest value obtained with a given 
load showed no significant trend. 

Two of the lighter loads, 50 and 500 g, were used to make m e a s 
urements on the worked specimens. The lighter loads were preferred since 
more readings could be obtained per unit length. This is important when 
making measurements across a narro^v section such as a tube wall. Inden
tations made with a 50-g load could be placed completely within a single 
grain, those made with the 500-g load were slightly larger than an indivi
dual grain. Thus, the effect of the grain boundaries on the hardness values 
obtained with the 50-g load should be quite small, whereas the effect on the 
measurements made with the 500-g load should be near maximum. 

The best curve obtained is that shown in Fig. III.B.b. Each 
point is the average of ten readings made with a Leitz MINILOAD Hard

ness Tester and a 500-g load. The 
correlation appears to be good for 
the entire range, and can be con
sidered linear between 10 and 35% 
reduction. 

Experiments were also con
ducted to determine the minimum 
distance required between readings 
in order to prevent interactions. 
This minimum distance was deter 
mined to be less than 0.005 in. when 
measuring the hardness of fully an
nealed steel with a 500-g load. 
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Fig. III.B.6. Microhardness of Type 316 Stain
less Steel after Elongation at Room 
Temperature 

3. E n g i n e e r i n g P r o p e r t i e s of R e a c t o r M a t e r i a l s - - R e s e a r c h 
and D e v e l o p m e n t 

a. High T e m p e r a t u r e M e c h a n i c a l P r o p e r t i e s of C e r a m i c F u e l s 

(i) Growth of Single C r y s t a l s of U r a n i u m C a r b i d e 
( j . L. R o u t b o r t and M. D. Odie) 

Not p r e v i o u s l y r e p o r t e d . 
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The m e c h a n i c a l p r o p e r t i e s of c e r a m i c s a r e d e t e r m i n e d by 
gra in bounda r i e s , p o r o s i t y , and s t o i c h i o m e t r y . The r e l a t i v e c o n t r i b u t i o n s 
of these v a r i a b l e s a r e difficult to r e s o l v e f r o m m e a s u r e m e n t s ob ta ined 
from po lyc rys ta l l ine m a t e r i a l . The in f luence of s t o i c h i o m e t r y m a y be 
studied bes t with s ingle c r y s t a l s . C h a n g e s in s t o i c h i o m e t r y wi l l h a v e a 
grea t effect on all phys ica l p r o p e r t i e s of the c a r b i d e s b e c a u s e of the i n 
fluence of the ca rbon a tom on bonding. Single c r y s t a l s a r e a l s o n e c e s s a r y 
for re l i ab le inves t iga t ions of the e l a s t i c c o n s t a n t s and di f fus ional p a r a m 
e t e r s . In o r d e r to u n d e r s t a n d the fundamenta l p l a s t i c and e l a s t i c p r o p e r 
t ies of candidates for advanced fue l s , m e a s u r e m e n t s m u s t be ob ta ined f r o m 
both single and p o l y c r y s t a l l i n e m a t e r i a l . 

In 1963 s ing le c r y s t a l s of UC w e r e g r o w n by e l e c t r o n -
beam mel t ing .* The h i g h - t e m p e r a t u r e e l a s t i c c o n s t a n t s * * of t h e s e c r y s t a l s 
were imposs ib le to m e a s u r e b e c a u s e of the h igh a t t enua t ion tha t r e s u l t e d 
from the l a rge subgra in s t r u c t u r e . C r y s t a l s of good qua l i ty a r e diff icult to 
grow in a vacuum b e c a u s e the m e l t i n g point of m o s t m o n o c a r b i d e s i s non-
congruent. Fo r this r e a s o n , the r a d i o f r e q u e n c y i n d u c t i o n - h e a t i n g t e c h n i q u e , 
developed by P r e c h t and HoUox''" for the g rowth of TiC and VC, was u s e d to 
grow UC c r y s t a l s . 

We have employed a modi f ied c o m m e r c i a l zone r e f i n e r 
manufactured by the Lepel High F r e q u e n c y L a b o r a t o r y . The a p p a r a t u s 
consis ts of a 50-kW (450-kHz) r a d i o f r e q u e n c y g e n e r a t o r , a v a c u u m c h a m 
be r , and dr ive m e c h a n i s m s . The w a t e r - c o o l e d s t a i n l e s s s t e e l v a c u u m 
chamber has two viewing p o r t s with m o t o r i z e d , s l o t t e d , s p l a s h s h i e l d s , a 
vacuum por t , and a por t for the power l e a d s . The r o t a t i n g s l i t s prevei^t 
the windows from clouding, and p e r m i t o b s e r v a t i o n of the f ron t and top of 
the mol ten zone. A coaxia l feed through is be ing m a n u f a c t u r e d to r e p l a c e 
the s t ra igh t feedthroughs to p r e v e n t the p o w e r - l e a d flange f r o m e x c e s s i v e 
heating due to s t r a y r ad io f r equency . The 2 - in . v a c u u m pumping s y s t e m 
evacuates the chamber to 3 x l O ' ' T o r r . The s y s t e m is then backf i l l ed 
with purified he l ium (u l t r apu re h e l i u m is p a s s e d t h r o u g h a m o l e c u l a r s i e v e 
and a t i tanium ge t t e r at 650°C) to a m a x i m u m p r e s s u r e of 200 p s i . 

The cy l ind r i ca l s p e c i m e n is he ld in p l a c e by u p p e r and 
lower support rods . T h e s e w a t e r - c o o l e d s t a i n l e s s s t e e l r o d s e n t e r the 
ITorZ T ' ' ' ' ° " ^ ' ' " 0 " - r i n g s e a l s . The u p p e r rod m a y be d r i v e n 
up or down, independent ly of the lower rod , to change the s h a p e of the 
l o w ! . H° ^ " ° " ^ " ^ ° d ^ t ^ dens i ty changes in the s t a r t i n g m a t e r i a l . The 
soUd i n t e r ^ ' " ^ be ro ta ted at speeds as h igh as 100 r p m to k e e p the l i q u i d -
interface R ^ . J . ' " " ' ^ ^ ' ° p r o m o t e g rowth tha t would be n o r m a l to th i s 

e r l ace . Both rods m a y be d r i v e n s i m u l t a n e o u s l y so tha t the s a m p l e is 

^*Nadlet, H.. NAA-SR-7465 (1963) 
Routbort, J., and Maiya, P. s., ANL-7606 (1969) 
Precht, W., and HoUox, G., RIAS Repon 68-c (1968). 
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m o v e d t h r o u g h the coi l at s p e e d s f rom 1 to 600 m m / h r . The s t a r t i n g m a t e 
r i a l , which is in the f o r m of a c y l i n d e r , is f as tened to the u p p e r s u p p o r t rod 
by t h r e e se t s c r e w s and to the lower s u p p o r t rod by t a n t a l u m c l i p s . Th i s 
a r r a n g e m e n t a l lows the s a m p l e to c o n t r a c t in a s t r a i n - f r e e m a n n e r upon 
cool ing . E x p a n s i o n effects a r e e l i m i n a t e d by having a gap be tween the 
h a l v e s of the s t a r t i n g m a t e r i a l . A zone 3-5 m m high is a c h i e v e d by a t w o -
t u r n r a d i o f r e q u e n c y coil that is m a d e f rom 4 . 8 - m m s q u a r e tubing with a 
l 6 - m m d i a m e t e r . P o w e r for th is coil is suppl ied by the g e n e r a t o r tha t 
o p e r a t e s t h r o u g h a 12-1 t r a n s f o r m e r . 

In i t i a l o p e r a t i o n of the c r y s t a l - g r o w i n g fu rnace h a s b e e n 
s a t i s f a c t o r y . A 1 . 2 5 - c m - d i a rod of UC was zoned at 18 m m / h r u n d e r 
80 ps i h e l i u m p r e s s u r e , by us ing 15% of the ava i l ab le power . The l a r g e 
c r y s t a l tha t was p r o d u c e d is shown in F ig . I I I .B.7 . The s i n g l e - c r y s t a l 
p o r t i o n h a s a length of 9 c m and a d i a m e t e r of 1.25 c m , as we l l as a m a s s 
of ~140 g. A typ i ca l L a u e b a c k - r e f l e c t i o n X - r a y is a l so shown. X - r a y s 
t aken along the length of the c r y s t a l ind ica ted that it was a s ing le c r y s t a l 
with v e r y l i t t l e s u b g r a i n s t r u c t u r e . Howeve r , e x a m i n a t i o n of the c r o s s 
s e c t i o n of t h i s s a m p l e r e v e a l e d a few i n t e r i o r g r a i n b o u n d a r i e s . Th i s s u b 
s t r u c t u r e p o s s i b l y m a y be r e m o v e d in s u b s e q u e n t p a s s e s by us ing s l o w e r 
zoning s p e e d s , h i g h e r p o w e r , and a r o t a t i o n at the l i q u i d - s o l i d i n t e r f a c e . 

Fig. III.B.7. Single Crystal of Uranium Carbide (9 cm in length and 1.25 cm in diameter) 
Grown by Zone Melting Using Radiofrequency Induction Heating. A typical 
Laue back-reflection pattern is also shown. 
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c h e m i c a l a n a l y s i s wil l d e t e r m i n e if any c o n c e n t r a t i o n 
gradients exist in the c r y s t a l o r if gas c o n t a m i n a t i o n h a s o c c u r r e d d u r i n g 
growth. If concen t ra t ion g r a d i e n t s ex i s t , e i t h e r a z o n e - l e v e l i n g t e c h n i q u e 
or heat t r e a t m e n t in a su i t ab l e a t m o s p h e r e wil l be u s e d to c o n t r o l s t o i 
ch iomet ry . A c l o s e d - l o o p feedback s y s t e m is be ing d e s i g n e d to c o n t r o l 
the plate c u r r e n t , which wil l s t a b i l i z e the r a d i o f r e q u e n c y po-wer. Th i s wi l l 
make the opera t ion s e m i a u t o m a t i c . D u r i n g the next s e v e r a l m o n t h s , o p t i 
m u m growth condi t ions wil l be deve loped to p r o d u c e h i g h - p u r i t y , l a r g e , 
UC single c r y s t a l s of v a r y i n g s t o i c h i o m e t r i e s . 

C. Eng inee r ing D e v e l o p i m e n t - - R e s e a r c h and D e v e l o p m e n t 

1. Heat T r a n s f e r and F lu id F low (M. P e t r i c k ) 

a. LMFBR Burnout L i m i t a t i o n s (R. J . Sch i l t z and R. Rohde) 

Las t R e p o r t e d : A N L - 7 6 5 5 , p . 110 (Dec 1969). 

(i) P r e p a r a t i o n of A p p a r a t u s . A f o r m a l sa fe ty r e v i e w of the 
sys t em has been conducted; it r e v e a l e d no m a j o r p r o b l e m s affect ing the 
cons t ruc t ion schedu le . 

Connect ion of s e c t i o n s of the m a i n piping to loop c o m p o 
nents has begun; the m a i n piping s y s t e m is 60% c o m p l e t e . 

The a i r - d u c t t r a n s i t i o n p i e c e and a s e c t i o n of a i r duc t ing 
have been ins ta l l ed ; the a i r - d u c t s y s t e m is - 7 5 % c o m p l e t e . 

A flexibility a n a l y s i s of the piping h a s p r o d u c e d s o m e p r e 
l iminary r e s u l t s . The l a r g e s t t h e r m a l l y induced s t r e s s in the p ip ing s y s 
tem would be 18,300 p s i , which is s a t i s f a c t o r y . 

In s t a l l a t i on of i n s t r u m e n t a t i o n and c o n t r o l w i r i n g h a s begun . 

The e n c l o s u r e for a hot t r a p and an o s c i l l a t i n g p lugging 
m e t e r for m e a s u r i n g oxygen leve l in the s o d i u m is -80% c o m p l e t e . DetaU 
design of the osc i l l a t ing plugging m e t e r h a s s t a r t e d . 

^- Nonboiling T r a n s i e n t Hea t T r a n s f e r (R. P . S te in) 

Las t Repo r t ed : A N L - 7 6 5 5 , pp. 110-111 (Dec 1969). 

m a t i c a l r e l J / ' ~ ^ r ^ ' °f H e a t - F l u x T r a n s i e n t s . A g e n e r a l i z e d m a t h e -
T e a t - f l L ' t ^^°"^^;P ' p r e d i c t i n g f o r c e d - c o n v e c t i o n h e a t t r a n s f e r d u r i n g 

A N L - 7 ^ 6 , ^ r ^ o T i r 7^"" ' " ^ ^ P - g — R ^ P - t for A u g u s t 1969, 
cer ta in ' j " ^ - / ^ ' - ^ " " - To apply th i s r e l a t i o n s h i p , n u m e r i c a l v a l u e s of 

coefficients a r e needed. A t abu la t ion of t h e s e coef f lc ien t s for the 
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case of a parallel plane duct was also given in ANL-7606. Coefficients for 
the c i rcular tube case were given in the Progress Report for October 1969, 
ANL-7632, pp. 116-118. 

The relationship can be used to approximate the pin-bundle 
case by considering that each pin is surrounded by an equivalent annular 
space with turbulent velocities and eddy diffusivities corresponding to zero 
shear s t r e s s at the equivalent outer wall. The relationship reduces to the 
same form as for the circular tube [see Eq. (1) on p. 116 in ANL-7632]. 
Because circumferential variations of temperature and heat flux are to be 
expected in a pin bundle, the surface temperature , wall heat flux, and fully 
developed heat - t ransfer coefficient that appear in this relationship are 
treated as circumferential-average values. Values of the various coeffi
cients a re listed in Table III.C.l for cases of pitch-to-diameter ratios of 
1.1 to 1.5. The usual hydraulic equivalent diameter is used in the Reynolds 
number and in the dimensionless axial length and time variables that appear 
in the equation. 

TABLE III.C.l . Values of Coefficients for Pin-bundle Geometry 
Having Pi tch-to-diameter Ratios of 1.1 to 1.5 

Re 

10^ 

3.16 x 10* 

10^ 

3.16 x 10^ 

lO' 

Pr 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

0.00316 
0.01 
0.0316 
1.0 

|3 

2.804 
0.977 
0.400 
0.137 

0.938 
0.371 
0.192 
0.110 

0.354 
0.176 

0.119 
0.0929 

0.164 
0.108 
0.0895 
0.0811 

0.0990 
0.0808 

0.0749 
0.0722 

-Ri 

0.181 
0.163 
0.125 
0.0106 

0.172 • 
0.136 
0.0816 
0.00429 

0.144 
0.0897 
0.0408 
0.00160 

0.0968 
0.0454 

0.0169 
0.000580 

0.0496 
0.0188 
0.00633 
0.000206 

Rz 

0.169 
0.153 
0.117 
0.00985 

0.162 
0.127 
0.0762 
0.00398 

0.135 
0.0838 
0.0381 
0.00149 

0.0905 
0.0423 
0.0157 
0.000538 

0.0463 
0.0174 
0.00587 

0.000191 

-R3 

0.167 
0.151 
0.115 
0.00967 

0.159 
0.126 
0.0751 
0.00391 

0.133 
0.0826 
0.0374 
0.00146 

0.0891 
0.0416 
0.0154 

0.000528 

0.0456 
0.0171 
0.00577 
0.000187 
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Computations were performed for pi tch- to-diameter rat ios 
of 1.1, 1.3, and 1.5. It was found that the coefficients a re essential ly inde
pendent of pitch-to-diameter ratio in this range. However, it must be 
pointed out that the model used to approximate the pin-bundle is not con
sidered to be very accurate for computing average heat - t ransfer coeffi
cients when the pitch-to-diameter ratio is less than 1.3. 

c. Electron-Bombardment-Heater Development (R. D. Carlson) 

Last Reported: ANL-7632, pp. 118-119 (Oct 1969). 

(i) Preparation and Test of 7-pin Clusters (3/8 and 
5/l6-in. OD X 24 in.). Design drawings are being prepared for the 7-pin 
cluster heater. Heater construction will begin after completion of the 
drawings. 

(ii) Preparation and Test of Single Pin ( l /4 - in . OD x 25 in.). 
Experiments with various types of filaments are continuing; the develop
ment of a long-life filament remains a major problem. 

The straight-wire filament has been modified. It was cen
terless ground so that a shoulder existed on each end to eliminate the bow
ing and twisting action inherent in a s t ra ight-wire filament. Tests showed 
no improvement. A second filament has been designed and machined in a 
half-radius. The flat sides are ceramic coated so that they are electrically 
insulated from each other. The two halves, with the ceramic-coated sides 
bearing against each other, are welded at one end; at the other end, the two 
half-moon sections are connected to terminals for the application of power. 

Still another filament being evaluated is a coaxial-type 
fUament. It consists of a tungsten wire that is ceramic coated and over 
which a tantalum tube is placed. One end of the tungsten wire is welded 
to the tantalum tube and the other two ends, consisting of a tantalum tube 
and tungsten wire, form the two terminals . This unit also has power ap
plied at one end. These two fflament designs are being investigated to 
determine the feasibility of incorporating them in an open-ended l / 4 - in -
pin EB heater. 

^ fai) Preparation of Single Pin ( l /4 - in . OD x 36 in.). Develop
e d final assembly of a sodium-to-water-cooled single-pin heater 

(iii) Pr 
ment an 

J „.. ^ •="'-iimji-Lu-wat:er-cooiea single-pi.. ,i^o 
are nearing completion. This unit will be able to operate at 1200°F. 

"*' "^^t Transfer in Liquid-Metal Heat Exchangers (D. M. France) 

le ra tors (̂ ) Feasibility Studies of Liquid-metal Steam G e n e _ . „ _ 
Employing Thermal-convection Tubes (D. M. France) 

Not previously reported. 
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S tud ie s of l i q u i d - m e t a l - h e a t e d s t e a m g e n e r a t o r s h a v e been 
r e s u m e d wi th e m p h a s i s on eva lua t ing m e t h o d s of h e a t - t r a n s f e r p r e d i c t i o n 
and e x p l o r i n g a l t e r n a t i v e concep tua l a p p r o a c h e s . The d e s i r a b i l i t y of d e 
ve lop ing m o r e a c c u r a t e a n a l y s e s and exp lo r ing new concep tua l c o n f i g u r a 
t ions is u n d e r s c o r e d by the poor t e s t r e s u l t s obta ined in the A L C O - B L H 
30-MW p r o t o t y p e s t e a m g e n e r a t o r . * Wide d i s c r e p a n c i e s b e t w e e n p r e 
d ic ted and m e a s u r e d p e r f o r m a n c e o c c u r r e d . 

A new concep t for a l i q u i d - m e t a l - h e a t e d s t e a m g e n e r a t o r 
i s be ing a n a l y z e d . The new s y s t e m is capab le of p e r f o r m i n g the function 
of both t he s h e l l - a n d - t u b e s t e a m g e n e r a t o r and the s h e l l - a n d - t u b e i n t e r 
m e d i a t e h e a t e x c h a n g e r of the convent iona l s y s t e m . It e m p l o y s a modi f i ed 
h e a t p i p e , t e r m e d a t h e r m a l - c o n v e c t i o n tube , to t r a n s f e r hea t d i r e c t l y f r o m 
the p r i m a r y s o d i u m to the w a t e r at l a r g e h e a t fluxes and n e a r l y i s o t h e r m a l 
cond i t i ons . The p r i n c i p a l d i f f e rence be tween a t h e r m a l - c o n v e c t i o n tube and 
a h e a t pipe is the a b s e n c e of a wick in the t h e r m a l - c o n v e c t i o n tube . T h u s , 
the p r o b l e m s of l i f e t i m e and boi l ing a s s o c i a t e d with the p r e s e n c e of a wick 
a r e e l i m i n a t e d . The m e c h a n i s m of hea t t r a n s f e r in a hea t p ipe as we l l as 
in a t h e r m a l - c o n v e c t i o n tube is the l a ten t h e a t of v a p o r i z a t i o n . 

The d e l e t i o n of an i n t e r m e d i a t e hea t e x c h a n g e r f r o m the 
t h e r m a l - c o n v e c t i o n tube h e a t - t r a n s f e r sys tenn is founded upon a c o m p a r i 
son of r a d i a t i o n pa th s in th i s s y s t e m and in the s h e l l - a n d - t u b e s y s t e m . A 
l i qu id -nne ta l w o r k i n g fluid in the t h e r m a l - c o n v e c t i o n tubes s e r v e s the s a m e 
p u r p o s e as the s e c o n d a r y s o d i u m in the i n t e r m e d i a t e h e a t e x c h a n g e r . T h u s , 
the e n t i r e l i q u i d - m e t a l loop and p e r i p h e r a l a p p a r a t u s a s s o c i a t e d with the 
i n t e r m e d i a t e h e a t e x c h a n g e r can be e l i m i n a t e d . The t h e r m a l - c o n v e c t i o n 
tubes a r e ind iv idua l ly s e a l e d u n i t s , and s t r e « s e s due to h i g h - t e m p e r a t u r e 
expans ion a r e c i r c u m v e n t e d b e c a u s e the tubes need not be r i g i d l y fixed at 
the e n d s . 

The t h e r m a l - c o n v e c t i o n tube h e a t - t r a n s f e r s y s t e m h a s 
two sa fe ty f e a t u r e s not found in the s h e l l - a n d - t u b e h e a t e x c h a n g e r s . In the 
event of a s i n g l e r u p t u r e in a tube t h e r e would be no s o d i u m - w a t e r c o n t a c t 
in the t h e r m a l - c o n v e c t i o n tube s y s t e m , and the w a t e r would not be con t inu 
o u s l y p u m p e d into the s o d i u m . Both of t h e s e p h e n o m e n a o c c u r s u b s e q u e n t 
to a tube r u p t u r e in a s h e l l - a n d - t u b e s y s t e m . S o d i u m - w a t e r con t ac t would 
not o c c u r in a t h e r m a l - c o n v e c t i o n - t u b e s y s t e m u n l e s s two r u p t u r e s o c c u r r e d 
in a s i n g l e t h e r n n a l - c o n v e c t i o n t u b e . 

T h e p e r f o r m a n c e p a r a m e t e r s and c h a r a c t e r i s t i c s of the 
p r o p o s e d concep t a r e being c o m p a r e d with c u r r e n t conven t iona l d e s i g n s 
of l i q u i d - m e t a l - h e a t e d s t e a m g e n e r a t o r s . New and m o r e d e t a i l e d m e t h o d s 
for h e a t - t r a n s f e r p r e d i c t i o n a r e be ing deve loped for th is p u r p o s e . 

*LMEC Monthly Report, August 1969, 69LMEC-2076, pp. 27-39. 



114 

2. Engineering Mechanics (G. S. Rosenberg) 

a. Structural Dynamics--Structure-Fluid Dynamics 
(M. W. Wambsganss, J r . ) 

(i) Mathematical Modeling of Parallel-flow-induced Vibration 

Last Reported: ANL-7640, pp. 120-123 (Nov 1969). 

In ANL-7640 an analytical solution for the displacement 
statistics of a simply supported rod in parallel flow was discussed. The 
solution was presented in the form 

$yy(x.co) = D^e("^)1>pp("^)I |H„(cD)p0^(x)J^(cD) (1) 

(this equation was inadvertently omitted from p. 121 of ANL-7640), where 
0 (x.co) is the mean-square-value spectral density of rod displacement, 
De(u)) is an effective rod diameter, *pp(cu) is the mean-square-va lue spec
tral density of the pressure , 0n(x) is the orthonormal mode, Hn(a3) is the 
transfer function for the rod, and Jn(tD) is the joint acceptance. One of the 
several conclusions drawn from the analytical study is that the first 
bending-mode response is dominant. 

The effective rod diameter Dg, the joint acceptance J„ , 
and the mean-square-value spectral density of the p re s su re $„„ are 
typicaUy presented as functions of the Strouhal numbers v (=0.275 coD/V ), 
7 (=a)^/Vj.), and S (=CD6*/V), respectively, where D is the rod diameter , 
i is the rod length, 6* is the displacement thickness of the boundary layer, 
V is the mean axial flow velocity, and V^ is the convection flow velocity. 
A parameter study based on the ranges of variables associated with planned 
tests of parallel-flow-induced vibration (these ranges are also typical of 
reactor components and environmental conditions) allows us to deflne the 
following realizable ranges on the Strouhal numbers as computed with the 
first-mode natural frequency; (0.02 < v < 0.52), (10 < 7 < 180), and 
(0.004 < S < 0,25). If the rod is relatively lightly damped, such'that it is 
selective in responding to frequencies in the frequency range centered 
about Its flrst natural frequency, the ranges defined above can be taken as 
the effective" ranges of the Strouhal numbers. By means of the avaUable 
experimental data, the effective diameter and joint acceptance can be ap
proximated, within their respective ranges of effectiveness, by the power-
function relationships 

De = 1.3 v''^ = 0.68 ( c o D / V j " ^ 0.02 < v< 0.52; 

J, = 0.457-'/^ = 0.45 {oj£/vy'': 10.7 < 7 < 180, (2) 
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respectively. Upon substitution into Eq. (l) the frequency dependence of 
the joint acceptance cancels with that of the effective diameter, and we ob
tain the simplified relationship for the first-mode response: 

$yy(x,m) = (O.3O6/e)0f(x)|Hi(a))|<I>pp(co). (3) 

The important feature of Eq. (3) remains the mean-square-value spectral 
density of the p re s su re . From Fig. III.C.l of ANL-7640, we see that data 
are lacking in the effective range of Strouhal number S less than 0.25. 

(ii) Preparat ion of Two Structural-dynamics Test Loops 
(P. L. Zaleski) 

Last Reported: ANL-7640, p. 123 (Nov 1969). 

The acoustic filter systems have been built. However, 
before they are installed upstream and downstream from the test section 
in the small flow loop, a flowtest is planned in which the character is t ics 
of the p re s su re field in the test section will be measured. These data will 
be used to evaluate the effectiveness of the filters in reducing the acoustic 
disturbances induced by the pump and other sources. 

b. Structural Dynamics--Flow Noise-Field Dynannics 
(M. W. Wambsganss, J r . ) 

Not previously reported. 

(i) Turbulent Boundary-Layer 'Wall-Pressure Fluctuation. 
The measurement and mathematical characterization of the convecting ran
dom p re s su re field are the cruxes of the study of parallel-flow-induced vi
bration. The spatially dependent character is t ics of the p ressu re field, as 
obtained from cross-cor re la t ion measurements , enter into the equation for 
the mean-square-va lue spectral density of rod displacement, Eq. (l) above, 
through the effective diameter and joint acceptance t e rms ; the t ime-
dependent propert ies are implicitly contained in the mean-square-value 
spectral density of the p re s su re field. The required characterization of 
the p r e s su re field necessi tates cross-corre la t ing signals from closely 
spaced t ransducers . To make these measurements , a procedure for con
structing miniature p re s su re t ransducers was developed, and an ins t ru
mented tube containing six t ransducers mounted as three pairs of 
diametrical ly opposite t ransducers has been fabricated. 

A flowtest was conducted using the instrumented tube. 
However, after several runs the rubber potting started to peel off several 
of the t ransducers and the test was terminated. The t ransducers have been 
rebuilt using a different potting technique; they are being calibrated before 
being flowtested further. 
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The p r e s s u r e - t i m e h i s t o r i e s tha t w e r e ob ta ined f r o m the 
abbrev ia ted t e s t have been ana lyzed . The r e s u l t i n g m e a n - s q u a r e - v a l u e 
spec t r a l dens i t i e s a r e in good a g r e e m e n t wi th the r e s u l t s of e a r l i e r i n v e s 
t iga to r s (see P r o g r e s s R e p o r t for N o v e m b e r 1969, A N L - 7 6 4 0 , p . 121 , 
F ig . I I I .C . l ) . Of p a r t i c u l a r i n t e r e s t w e r e the m e a n - s q u a r e - v a l u e s p e c t r a l 
dens i t ies at low S t r o u h a l - n u m b e r v a l u e s (S < 0.25) . In a g r e e m e n t wi th 
Wi l lmar th and Woold r idge ,* the s p e c t r a con ta ined a l a r g e e n e r g y d e n s i t y 
at low f r equenc ie s ; as a f i r s t a p p r o x i m a t i o n , the s p e c t r a l d e n s i t y can be 
a s s u m e d i n v e r s e l y p r o p o r t i o n a l to S for S < 0 .25 . 

D. C h e m i s t r y and C h e m i c a l S e p a r a t i o n s 

1. Fuel Cycle T e c h n o l o g y - - R e s e a r c h and D e v e l o p m e n t 

a. Adapta t ion of Cen t r i fuga l C o n t a c t o r s to L M F B R P r o c e s s i n g 
( G . J B e r n s t e i n ) 

Las t R epo r t ed ; A N L - 7 6 5 5 , pp, 115-116 (Dec 1969). 

The work in this p r o g r a m is d i r e c t e d t o w a r d ex tend ing a 
Savannah Rive r cent r i fugal m i x e r - s e t t l e r d e s i g n to a con f igu ra t i on s u i t a b l e 
for efficient handling of p lu ton ium in the so lven t e x t r a c t i o n of L M F B R fue l s . 
The pr inc ipa l advantage sought is an i n c r e a s e in n u c l e a r sa fe ty t h r o u g h 
favorable g e o m e t r y ; addi t ional a d v a n t a g e s , d e m o n s t r a t e d at Savannah R i v e r , 
include reduced r a d i a t i o n d a m a g e to the so lven t and i n c r e a s e d e a s e of o p e r a 
tion. The scope of the p r o g r a m inc ludes r e v i e w s t u d i e s of the d e s i g n and 
pe r fo rmance of exis t ing cen t r i fuga l m i x e r - s e t t l e r s and c o r r e l a t i o n of p e r 
formance with s i z e and r o t o r speed . The c o r r e l a t i o n s a r e to s e r v e as a 
s ta r t ing point for the des ign of an e x p e r i m e n t a l unit of v a r i a b l e s p e e d hav ing 
the high l e n g t h - t o - d i a m e t e r r a t i o r e q u i r e d for a d e q u a t e c a p a c i t y and c r i t i 
cally favorable g e o m e t r y . 

In the appl ica t ion of th is d e s i g n to the s e p a r a t i o n of d i s s o l v e d 
Plutonium and u r a n i u m from d i s s o l v e d f i s s ion p r o d u c t s in aqueous so lu t ion , 
the organic and aqueous p h a s e s would be fed into the top of an a n n u l a r 
space mixed by an axia l r o t o r as they m o v e downward (to e x t r a c t u r a n i u m 
and Plutonium into the o r g a n i c p h a s e ) , and would flow into the i n t e r i o r of the 
hollow ro to r through an o r i f l ce in the bo t t om of the r o t o r . The p h a s e s would 

, 7 r ^ ^ cent r i fugal fo rce as they m o v e d u p w a r d i n s i d e the r o t o r and 
would be d i scha rged th rough p o r t s at the top of the r o t o r into c o l l e c t o r r i n g s . 

extracHn ^ ° ' ' P^"'*°"i"'^ c o n c e n t r a t i o n s expec t ed in p o t e n t i a l s o l v e n t -

culated to be g e o m e t r i c a l l y f avorab le to c r i t i c a l i t y c o n t r o l on the b a s i s of 

ThicrTurbuTenrR """!, *^°°'''"''Se, C. 2.. Measurement of the Fluctuating Pressure at Ihe Wall beneath a 
uiicK Turbulent Boundary Layer. J, Fluid Mech. 14, 187-210 (1962). 
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d a t a * on safe d i a m e t e r s of inf ini te w a t e r - r e f l e c t e d c y l i n d e r s of Pu(N03) 
so lu t ion . G e o m e t r i c a l l y f avo rab l e conf igura t ions for the c o l l e c t o r r i n g s 
migh t be e i t h e r a r e l a t i v e l y s m a l l d i a m e t e r and l a r g e he igh t or a l a r g e 
d i a m e t e r and s m a l l he igh t . In any c a s e , the d i a m e t e r s of the c o l l e c t o r 
r i ngs m u s t be l a r g e r than the r o t o r d i a m e t e r . 

A p l a s t i c t e s t uni t h a s been bui l t having a 3 - i n . - O D by l 6 - i n . -
long r o t o r sp inn ing wi th in a 3 | - i n . - I D s t a t o r . E x p e r i m e n t s on m i x i n g -
power input w e r e conduc ted to e s t a b l i s h w h e t h e r adequa te mix ing power 
could be put into the a n n u l a r mix ing c h a m b e r to a s s u r e good con tac t ing of 
the two p h a s e s . In t h e s e e x p e r i m e n t s , the in le t to the r o t o r was s e a l e d so 
that the s y s t e m would be nonflowing and no power would be u s e d for p u m p 
ing. The m i x i n g - p o w e r input for th is m i x e r u n d e r two d i f fe ren t o p e r a t i n g 
condi t ions ( i . e . , wi th and wi thout baffles on the s t a t o r ) was c o m p a r e d wi th 
the m i x i n g p o w e r for a s m a l l e r m i x e r o p e r a t e d with and wi thout baffles on 
the s t a t o r and b l a d e s on the r o t o r ( see ANL-7655) . Both m i x e r s w e r e o p 
e r a t e d at s p e e d s up to -2200 r p m . Although the d i f fe rence in d i a m e t e r s of 
the two m i x e r s was not g r e a t enough to al low a p r e c i s e eva lua t i on of the 
effect of an i n c r e a s e in d i a m e t e r , r e s u l t s ind ica ted tha t good con tac t ing of 
the p h a s e s could be e x p e c t e d in l a r g e r un i t s without b l ad es on the r o t o r o r 
baff les on t he s t a t o r . 

In o t h e r e x p e r i m e n t s with the l a r g e r p l a s t i c t e s t uni t hav ing a 
3 / 4 - i n . o r l i - i n . o r i f i c e in the b a s e of the r o t o r , the w a t e r flow r a t e t h r o u g h 
the r o t o r was m e a s u r e d . P u m p i n g r a t e s as h igh as 16.8 gpm w e r e ob ta ined 
at 1700 p p m with the l a r g e r o r i f i c e , ind ica t ing that the d e s i r e d t h roughpu t 
of 20 gpm wi l l be a c h i e v a b l e at -3000 r p m with a new, l a r g e r uni t tha t is 
be ing d e s i g n e d . The new cen t r i fuga l c o n t a c t o r wi l l have a 4 - i n . - O D s t a i n 
l e s s s t e e l r o t o r and an ~ 4 . 5 - i n . - I D s t a t o r . It wi l l p e r m i t eva lua t i on of the 
p h a s e m i x i n g and s e p a r a t i n g capac i ty of a t w o - p h a s e s y s t e m . C o m p o n e n t s 
for the l a t t e r uni t , such as p u m p s and flowmeters, a r e be ing p r o c u r e d . 

b . M o l t e n M e t a l Dec ladd ing (R. D. P i e r c e ) 

(i) B e h a v i o r of Vo la t i l e F i s s i o n P r o d u c t s 

L a s t R e p o r t e d : A N L - 7 6 4 0 , pp. 123-124 (Nov 1969). 

(a) L a b o r a t o r y P r o c e s s D e v e l o p m e n t . A p o r t i o n of the 
f i s s i o n - p r o d u c t iod ine is e x p e c t e d to be p r e s e n t as e l e m e n t a l iod ine in the 
a n n u l a r and p l e n u m r e g i o n s of i r r a d i a t e d r e a c t o r fuel. In the p r e s e n t c o n 
cep t of d e c l a d d i n g by u s e of a l iquid m e t a l , the iodine wi l l be l i b e r a t e d w h e n 
the c ladd ing ( s t a i n l e s s s t e e l o r Z i r c a l o y ) is d i s s o l v e d in l iquid z inc at 800°C. 

The d i s t r i b u t i o n of iodine be tween z i n c , a cove r s a l t , 
and the gas p h a s e was m e a s u r e d in two e x p e r i m e n t s s i m u l a t i n g t he r e l e a s e 

*Clark. H. K.. Handbook of Nuclear Safety, DP-532, Table IV.28, p. 442 (Jan 1961). 
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of fission-product iodine during removal of cladding from fuel elements by 
dissolution in molten metal. In each experiment, a Pyrex capsule contain
ing iodine was loaded together with zinc and LiCl-KCl salt into a quartz 
vessel. The capsule was immersed in zinc while the zinc was heated, and 
a stream of argon cover gas was passed through the quar tz-vesse l f ree
board above the salt layer and into iodine absorbers downstream from the 
zinc. In these experiments, the capsule contained enough iodine to give a 
pressure of 10-15 atm at 800°C. As the capsule was heated, it softened. 
In the first experiment, rapid iodine release occurred at ~745°C. At the 
end of the experiment, no iodine was detected in samples of solidified zinc, 
in washings from the walls of the apparatus, or in the iodine absorbers . A 
substantial amount of iodine as zinc iodide was found in the LiCl-KCl cover 
salt. 

In the second experiment, iodine re lease occurred at 
~710''C. Again no iodine was found in the absorbers . Analysis of the cover 
salt for iodine by two methods gave results indicating that most or all of 
the iodine charged was in the cover salt. 

The absence of iodine from all phases except the cover 
salt in these experiments indicates that the iodine gas bubbles reacted very 
rapidly with the molten zinc and that the resulting iodide ended in the cover 
salt. In current experiments, a mixture of 20 to 50 at. % iodine with argon 
is being used to simulate decladding conditions more closely. 

c. Continuous Conversion of U/Pu Nitrates to Oxides 
(N. M. Levitz) 

Last Reported: ANL-7655, pp. 117-118 (Dec 1969). 

Conversion of uranium nitrate and plutonium nitrate solutions 
(produced in reprocessing plants) to an oxide is a necessary and presently 
expensive step in the nuclear fuel cycle. This conversion step must pro
vide the fuel fabricator with powdered fuel oxides suitable for fabrication 
of fuel shapes. In addition, conversion of flssile nitrate solutions to a 
powder may be required for safe shipment. 

Current conversion processes consist of a number of s teps, 
among which are precipitation, flltration. and calcination. An alternative 

Tus r V r r r " ' ""^'''^ ° ' ' " ^ P°*^"*^^^ economic advantage, is continu
ous fluid-bed denitration of uranyl nitrate-plutonium nitrate solutions to a 

der " s ! u a h r 7 .' K ° ' " ' '°"°""=^ ^^ fluid-bed reduction to UO,-PuO, pow-
suitable for fabrication into fuel shapes (pellets) for LMFBR fuels. 

ress P . e r ^ " integrated laboratory and pilot-scale program is in prog-
were done ^ , ' 0 ^ ^ ^ ' * ' " ' ' * ' ° " «=^P"i"^ents with uranyl nitrate solutions 
were done at 300, 400, 500, and 600°C to check out the laboratory-scale 
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equipment and the procedure. The solution was fed dropwise to a hot sur 
face to effect denitration. Products formed at 400 and 500''C were selected 
for analysis by X-ray diffraction. The product formed at 500''C was deter 
mined to be gamma UO3, whereas that formed at 400°C consisted of gamma 
UO3 and UOj-HzO. 

After installation of equipment in a glovebox, three experiments 
were done with 1.2M U 0 2 ( N 0 3 ) ^ - 0 . 3 M plutonium nitrate-2 to 4M HNO3 solu
tions at 300, 450, and 600°C. Approximately 6 g of oxide was prepared in 
each experiment. The product is being characterized by a number of ana
lytical techniques, including X-ray diffraction, microscopic examination, 
and e lect ron-microprobe examination. 

Work is under way on a method for dissolving the oxide powder 
in nitric acid systems so that subsequently in the pilot-scale facility, deni
tration products may be recycled and the plutonium inventory minimized. 

An absorption spectrophotometric technique is being developed 
to determine the nature (i.e., valence) of plutonium in feed solutions. Ulti
mately, the effects of the valence state on the character of the denitration 
product will be studied. 

Accomplishments related to the pilot-plant facility for fluid-
bed denitration included completion of the design of the fluid-bed denitra
tion reactor and a s tar t of installation of equipment items and instruments . 
A cri t ical i ty safety concept for the facility is being reviewed that is based 
on maintaining a fixed maximum quantity of plutonium in the glovebox. 
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Fluid-Bed Fluoride Volatility Processing of Spent Reactor Fuel Mater ia ls 
J. J. Barghusen, A. A. Jonke, N. M. Levitz, M. J. Steindler, and 
R. C. Vogel 

Progress in Nuclear Energy, Ser. Ill, P rocess Chemistry, Vol. 4. 
Pergamon P r e s s , Oxford, 1969, pp. 347-398 

Stress-Strain Behavior of UO^ at Elevated Temperatures 
R. J. Beals and R. F. Canon 

Bull. Am. Ceram. Soc. 48(9), 879 (Sept 1969) Abstract 

High Temperature Mechanical Proper t ies of Uranium Compounds 
R. J. Beals, J. H. Handwerk, and G. M. Dragel 

High Temperature Technology, Proc . 3rd Int. Symp., Asi lomar, 
California, 1967. Suppl. Int. Union Pure Appl. Chem., Butterworths, 
London, 1969, pp. 265-278 

Behavior of Urania-Rare-Ear th Oxides at High Temperatures 
R. J. Beals, J. H. Handwerk, and B. J. Wrona 

J. Am. Ceram. Soc. 12(11), 578-581 (Nov 1969) 

Some Experiments in Fast Neutron Radiography 
H. Berger 

Mater. Eval. 27(12), 245-253 (Dec 1969) 

Investigation of Laser Speckle from Surfaces of Vibrating Objects 
N. Fernelius 

Bull. Am. Phys. Soc. 1_5, 44 (jan 1970) Abstract 

Cladding Interactions in Mixed Oxide Irradiated Fuels 
C. E. Johnson and C. E. Crouthamel 

J. Nucl. Mater. 34, 101-104 (Jan 1970) 

Diffusion in Uranium Carbide by the Mass Transfer Method 
P. S. Maiya and J. L. Routbort 

J. Nucl. Mater. 34, 111-113 (jan 1970) 

ERRATUM - Unitary Models of Nuclear Resonance Reactions fPhys 
Rev. 1_57, 907 (1967)] ^ 

P. A. Moldauer 

Phys. Rev. 182, 1360 (June 20, 1969) 

Radiation Damage in Lithium Niobate 
W. Primak, T. T. Anderson, and S. L. Halverson 

Bull. Am. Phys. Soc. 1_5, 52 (jan 1970) Abstract 

Pha^e Diagrams for the Systems MgCl,-MgF„ CaCl , -MgF„ and NaCl-MgF, 
K. A. Sharma and I. Johnson 

J. Am. Ceram. Soc. _52, 612-615 (Nov 1 969) 
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Study of the R e d u c t i o n of UO^ by M a g n e s i u m or C a l c i u m D i s s o l v e d in 
M o l t e n C h l o r i d e s 

R. A. S h a r m a and I. J o h n s o n 
Met . T r a n s . J_, 2 9 1 - 2 9 7 ( j an 1970) 

F a s t N e u t r o n C r o s s S e c t i o n s of Hafnium, Gado l in ium, and S a m a r i u m 
G. L. S h e r w o o d , A. B. S m i t h , and J . F . Whalen 

N u c l . Sc i . Eng . 39, 67-80 ( jan 1970) 

F a s t N e u t r o n I n c i d e n t on H o l m i u m 
A. B. S m i t h and J . F . Wha len 

Bu l l . A m . P h y s . Soc . 1_5, 86 ( j a n 1970) A b s t r a c t 

I n v e s t i g a t i o n of L o w - E x c i t a t i o n S t a t e s in '^As by the ' ^As(n ,n '7 ) R e a c t i o n 
D. L. S m i t h 

Bu l l . A m . P h y s . Soc . j_5, 86 (Jan 1970) A b s t r a c t 

P y r o m e t a l l u r g i c a l and P y r o c h e m i c a l F u e l P r o c e s s i n g Methods 
R. K. S t e u n e n b e r g , R. D. P i e r c e , and L. B u r r i s 

P r o g r e s s in N u c l e a r E n e r g y , S e r . I l l , P r o c e s s C h e m i s t r y , Vol . 4. 
P e r g a m o n P r e s s , Oxford , 1969, pp. 461-504 

To ta l P r e s s u r e of U r a n i u m - B e a r i n g S p e c i e s ove r O x y g e n - D e f i c i e n t U r a n i a 
M. T e t e n b a u m and P . D. Hunt 

J . Nuc l . M a t e r . 34, 86-91 (Jan 1970) 

U l t r a v i o l e t - A c t i v a t e d S y n t h e s i s of P l u t o n i u m Hexa f luo r ide at R o o m 
T e m p e r a t u r e 

L. W. T r e v o r r o w , T. J . G e r d i n g , and M. J. S t e ind l e r 
I n o r g . N u c l . C h e m . L e t t e r s _ 5 , 837-839 (Oct 1969) 

S o m e M e c h a n i c a l and P h y s i c a l P r o p e r t i e s of V a n a d i u m and V a n a d i u m -
B a s e Al loys 

F . L. Y a g g e e , A. R. B rown , E. R. G i l b e r t , * and J. E. F l i n n * * 
A b s t r a c t Bu l l . I M D - A I M E , p. 75A ( M a r c h 1969) 

*Battelle Northwest Laboratory. 
**Washington State Uniyersity, Pullman. 
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IV. NUCLEAR S A F E T Y R E S E A R C H AND D E V E L O P M E N T 

A. L M F B R S a f e t y - - R e s e a r c h and D e v e l o p m e n t 

1. Accident Ana lys i s and Safety E v a l u a t i o n 

a. Ini t ia t ing Acc iden t Code D e v e l o p m e n t ( G . J . F i s c h e r ) 

Las t R e p o r t e d : A N L - 7 6 5 5 , p . 96 (Dec 1969). 

(i) A New Routine for Slug E j ec t i on of Coo lan t for SASIA. 
A model of coolant slug e jec t ion s i m i l a r to that of C r o n e n b e r g * is be ing 
coupled with the h e a t - t r a n s f e r r o u t i n e s in the SASIA a c c i d e n t - a n a l y s i s 
code.** The new coolant rou t ine wi l l be an op t iona l a l t e r n a t i v e to the m o d e l 
of two-phase flow of coolant c u r r e n t l y in SASIA. The new s lug r o u t i n e 
should r e q u i r e l e s s computa t ion t i m e than the p r e s e n t r o u t i n e . A l s o , the 
slug model is p robab ly m o r e a p p r o p r i a t e than the t w o - p h a s e flow m o d e l for 
f low-blockage c a s e s and m a y b e for f l ow-coas tdown c a s e s . 

The new m o d e l wi l l inc lude the s i m u l t a n e o u s so lu t ion of the 
h e a t - t r a n s f e r equat ions for the fuel , c l ad , and coo lan t , the m o m e n t u m -
balance equations for the mot ion of the coo lan t , and the e n e r g y - b a l a n c e 
equations for the vapor i za t ion or condensa t ion of the coo l an t . 

The phys i ca l m o d e l and the r e s u l t i n g d i f f e r en t i a l equa t ions 
for use m the new coolant rou t ine have been f o r m u l a t e d , and so have been 
the finite difference equat ions and n u m e r i c a l p r o c e d u r e s for ob ta in ing the 
solution. The rout ine is c u r r e n t l y being coded . 

Z. Coolant Dynamics ( j . F . M a r c h a t e r r e ) 

a. Sodium Supe rhea t (R, E . Hol tz and R. M. S i n g e r ) 

Not p rev ious ly r e p o r t e d . 

(i) Boiling f r o m Sur face C a v i t i e s 

;̂̂ :r 2;^n:;::;^s:^i£S^"" - --'"°- -•'-• -• - -
Power and l o w " e n r o h M- .- ^'^' ^ ^ ° " ' ^ " ' " """^ '°' '^^ ^"^'^"^ "' ^^^ ^ — 
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pool boi l ing of s o d i u m tha t m i g h t be c a u s e d by l o n g - t e r m c i r c u l a t i o n of the 
s o d i u m in the p r i m a r y coo lan t loop of E B R - I I . A r e p r e s e n t a t i v e s a m p l e of 
s o d i u m f r o m the E B R - I I r e a c t o r s y s t e m wil l be t e s t e d in a v e s s e l i d e n t i c a l 
to tha t u s e d in the e a r l i e r l o w - h e a t - f l u x s u p e r h e a t t e s t s so as to f ac i l i t a t e 
c o m p a r i s o n wi th a v a i l a b l e da ta and to d e t e r m i n e any p o s s i b l e d i f f e r e n c e s . 

b . S o d i u m E x p u l s i o n (R. M. S inger and R. E. Hol tz) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp. 124-126 (Aug 1969). 

(i) S ta t i c Expu l s ion T e s t s . A n a l y s i s of Data and I n t e r p r e t a t i o n 
in T e r m s of P h y s i c a l M o d e l s . Excep t for s e v e r a l r uns to obta in add i t i ona l 
p r e s s u r e - p u l s e d a t a , t h e s e t e s t s have been c o m p l e t e d . The da ta a r e being 
r e d u c e d and a n a l y z e d ; a t op ica l r e p o r t or j o u r n a l a r t i c l e wi l l be p r e p a r e d 
to s u m m a r i z e the c o n c l u s i o n s . 

(ii) F o r c e d - c o n v e c t i o n Expu ls ion T e s t s . P r e p a r a t i o n of 
T r a n s i e n t T e s t Loop . Work is cont inuing on the loop i n s t r u m e n t a t i o n and 
s a f e t y - i n t e r l o c k c i r c u i t s . Void f r ac t i on , t e m p e r a t u r e , p r e s s u r e , flo^vrate 
and l i q u i d - f i l m t h i c k n e s s i n s t r u m e n t s a r e being a t t a c h e d to a t u b u l a r t e s t 
s e c t i o n b e f o r e it is we lded in p l ace in the loop. 

Con t inued t e s t s of the h i g h - s p e e d d a t a - a c q u i s i t i o n s y s t e m 
a r e u n d e r w a y . T h e s e t e s t s a r e defining the c a p a b i l i t i e s and l i m i t a t i o n s of 
t h i s s y s t e m so tha t it can be adap ted to m e e t the r e q u i r e m e n t s of the 
T r a n s i e n t T e s t Loop . 

c. S o d i u m S i m u l a t i o n s (M. A. G r o j m e s and H. K. F a u s k e ) 

(i) E x p u l s i o n of N o n m e t a l l i c F lu id s f r o m S i n g l e - t u b e G e o m e 
t r i e s (Stat ic T e s t s ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , pp . 128-131 (Dec 1969). 

On-go ing e x p e r i m e n t s that p r o d u c e the expu l s ion of n o n -
m e t a l l i c f lu ids s u p e r h e a t e d by r a p i d d e p r e s s u r i z a t i o n have shown two 
d i f fe ren t m o d e s of fluid e j ec t i on : a s lug e jec t ion and a f lash ing t w o - p h a s e 
e j ec t i on ( see P r o g r e s s R e p o r t for J a n u a r y 1969, A N L - 7 5 4 8 , p . 118). This 
l a t t e r p h e n o m e n o n , a s it app l i e s to L M F B R a c c i d e n t a n a l y s i s , a p p e a r s to 
be i m p o r t a n t in l a t e r s t a g e s of expu l s ion in cool ing ac t ion and coo lan t 
r e e n t r y in a b locked s u b a s s e m b l y . Both F r i z * and Gon idec** have r e p o r t e d 

*Friz, G., "Coolant Ejection Studies with Analogy Experiments," Proc. Conf. Safety, Fuels, Core Design in 
Large Fast Power Reactors, ANL-7120 (Oct 1965). 

**Le Gonidec, B., et al., "Etudes Experimentales sur I'EbuUition du Sodium, Part II: Boiling by Plugging of 
a Canal," Proc. Int. Conf. Safety of Fast Breeder Reactors, Aix-en-Provence, France (Sept 1967). 
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a flashing ejection after depressurization to 1 atm of heated water . How
ever, there are some important differences between those studies and the 
flashing phenomenon observed in recent ANL experiments that might in
fluence the simulation. In part icular , although no bubbles were observed 
and large superheats were recorded in the liquid column below the flashing 
interface in the ANL experiments, the presence of small bubbles in the 
liquid column was thought by Gonidec to indicate a saturated liquid condi
tion. A typical pressure trace indicates that the p ressu re Pg at the base of 
the liquid column is much lower than the saturation p ressu re corresponding 
to the liquid temperature. Table IV.A.l shows the rates of flashing expul
sion and measured base pressures for six experimental runs. In all cases , 
significant liquid superheat is indicated during the expulsion. It has been 
suggested* that the two-phase flow from the interface is limited by cri t ical 
flow and can be described by a model based on an energy, momentum, and 
continuity balance written about either side of the interface with the a s 
sumptions of saturated liquid conditions on one side and cri t ical flow rate 
on the other. Although the assumption of a saturated liquid is not verified 
by the data listed in Table IV.A.l, it is interesting to note that an equilib
rium critical flowrate 

{ S^Jg (1) 

evaluated at the measured liquid pressure P ^ (which is different from the 
exit pressure) and an equilibrium quality Xgq, shows good agreement with 
three fluids. However, from visual observations, the flow might or might 
not be truly choked, depending on reservoir conditions (the extent of 
depressurization). 
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1 

F-11 

F-U 

Ĥ O 

Ĥ O 

CHjOH 

CHjOH 

lABLE IV.A.l. 

To (°F1 

75 

104 

161 

178 

123 

151 

Two-phase Flashing Expulsion 

Pp (in. Hg) 

0.50 

0.30 

0.30 

0.12 

0.21 

0.23 

ATsi^ l°F) 

145 

184 

117 

178 

133 

149 

Data for Freon-

Pg (in. Hgl 

9.0 ± 3 

13.5 ± 3 

6.5 + 2 

8.2 ± 2 

5.66 ± 1 

9.75 ± 1 

-11. 

AT 

Water, and 

SB' 1°" 

54 

66 

17 

25 

40 

36 

Methyl Alcohol 

Gexp 

(Ibm/ft'-secl 

98 ± 10 

130 ± 20 

57 ± 4 

69 ± 4 

61 ± 6 

78 ± 10 

Gcalc lEq. 1) 

(Ibm/ft^-secl 

92 

140 

50 

71 

60 

87 

...,,,=, ,,,)„,„ ^uperneai reierreo to reservoir pressure Pp 
l iquid superheat during expulsion referred to liquid pressure P 

Ibid., see previous page. 



125 

3. Core Structural Safety (C. K. Youngdahl) 

Last Reported: ANL-7606, p. 127 (Aug 1969). 

a. Dynamic Plast ici ty Analysis of Circular Shells 

A topical report on load-equivalence parameters for dynamic 
loading of s t ruc tures in the plastic range has been drafted and is being 
reviewed. A paper , "Correlation Paramete rs for Eliminating the Effect of 
Pulse Shape on Dynamic Plastic Deformation," has been submitted to a 
journal. 

4. Fuel Meltdown Studies with TREAT 

a. Transient In-pile Tests with Ceramic Fuels (C. E. Dickerman) 

Last Reported: ANL-7632, pp. 131-134 (Oct 1969). 

(i) Checkout-2 Experiment. The prototype loop, containing the 
UOj specimen used for the Checkout-2 loop meltdown test, has been shipped 
back to Argonne, Illinois, for disassembly and inspection of the sample 
remains . It was possible to ship the loop, containing the TREAT-irradiated 
UO2, after a time delay for fission product decay by utilizing the loop 
"special form" container as a Spec 7-A shipping container. As reported 
previously, the sample failed vigorously in a transient which supplied 
approximately twice the energy required to melt UO2. No detectable fuel 
fragments could be seen in the post- transient neutron radiographs of the 
loop test section and top and bottom return tjends. The pump has too much 
s t ructure for meaningful radiographs. After the transient , an attempt was 
made to reestabl ish sodium flow through the loop. Although the pump 
appeared to be all right electrically, no flow could be produced. A survey 
of loop activity has shown a strong source in the region of the top pump 
flange. Accordingly, this region of the loop will be checked carefully for 
an c.ccumulation of fuel remains . The loop has been installed in the loop 
glovebox facility in the D-301 hot laboratory. The glovebox auxiliary 
transfer hood and transfer apparatus had been checked ear l ier with a "fresh" 
Mark-II loop. The prototype loop is now to be used for checkout of the 
complete facility before it is used for loops with mixed oxide pins. It ap
pears likely that extensive disassembly of the loop, including removal of 
at least the pump section, will be required. 

(ii) Power Calibration for Loop Meltdown Experiment with 
I r radiated UO^. A meltdown experiment with a three-pin cluster of i r r a 
diated UO2 fuel elements in a Mark-II loop is being planned. The pins to be 
tested are of 0.174-in.-OD, with 0.009-in. clad thickness and 0.150-in.-dia 
pel le ts . The fuel stack is 4.9 in. long. Original enrichment of the pins was 
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13 at. % and they have been i r r a d i a t e d to 6 a t . % n o m i n a l b u r n u p . The p in s 
have been c h a r a c t e r i z e d by S t e w a r t et a l . * 

In o r d e r to d e t e r m i n e the r a t i o of s a m p l e e n e r g y r e l e a s e 
to TREAT energy r e l e a s e and to d e t e r m i n e the p o w e r d i s t r i b u t i o n s w i th in 
the t h r e e - p i n c l u s t e r , a c a l i b r a t i o n m o c k u p w a s i r r a d i a t e d in T R E A T in 
J anua ry . The mockup c o n s i s t e d of p ins g e o m e t r i c a l l y i d e n t i c a l to the t e s t 
pins , but with 10% enr i ched , u n i r r a d i a t e d UO^ fuel. In addi t ion , four fully 
enr iched u r a n i u m foils w e r e loca ted ou t s ide the c ladd ing of e a c h pin, 
cen te red l / 8 in. and 3 /8 in. above and below the ax ia l c e n t e r l i n e of the fuel 
stack. The foils w e r e loca ted at 90° i n t e r v a l s on the c i r c u m f e r e n c e of the 
pins . 

P r e l i m i n a r y a n a l y s i s of the da ta f r o m the c a l i b r a t i o n run 
indicate that good un i fo rmi ty of power d e n s i t y w a s obta ined in the p i n s . The 
ra t ios of pin a v e r a g e power to a s s e m b l y a v e r a g e p o w e r d e t e r m i n e d f r o m 
gamma counting of the fuel pe l l e t s w e r e 1.019, 1.001, and 0.980. The s a m e 
ra t ios obtained f rom foil da ta w e r e 1.014, 1.001, and 0 .985. The a x i a l p o w e r 
d is t r ibut ions obtained f rom g a m m a counts of the fuel p e l l e t s showed that no 
pellet had a power output that dev ia ted f r o m the a v e r a g e p o w e r output in i t s 
pin by m o r e than 6%. 

(iii) Mixed-ox ide P i n E x p e r i m e n t . Ano the r p a r t i a l l y outf i t ted 
loop (the ' ' B - l " ) was sent to T R E A T dur ing the r e p o r t p e r i o d for a c a l i 
bra t ion run with a m i x e d - o x i d e p in in p r e p a r a t i o n for the flrst T R E A T loop 
mixed-oxide sample e x p e r i m e n t . This e x p e r i m e n t is to p r o v i d e a s c o m p l e t e 
as poss ib le a check of the a p p a r a t u s and p r o c e d u r e s for th i s type of m e l t 
down exper imen t . The ene rgy input spec i f led h a s been d e l i b e r a t e l y s c a l e d 
down to 1350 J / g oxide, which is c a l c u l a t e d to p r o d u c e m e l t i n g of about 30% 
of the oxide. (In C h e c k o u t - 1 , the p m r e c e i v e d 1,700 j / g oxide wi thout 
lailing, and the r i s e of coolant out le t t e m p e r a t u r e was l e s s than 100°C In 
Oheckout-2, the pm failed at an e n e r g y input of about 1,800 j / g ) The pin 
IS contained ins ide a t e s t - s e c t i o n m o c k u p of a s ing le flow channe l , r a t h e r 
sinole ""^ - ° ^ . f ™"^y e l e m e n t s , in o r d e r to s i m u l a t e the e n v i r o n m e n t of a 
ones Ire 1 , % T " - ' ' " ' " ' ^ ' ' " ^ ' e x p e r i m e n t , and the s u b s e q u e n t 
s imula t on If'^fl I " ° ' ' " ' condi t ions than d u r i n g C h e c k o u t - 2 , the 
l a X n o di ,f " • ' ' ' ° " " ' " ^ cond i t ions took p r e c e d e n c e ove r s i m u -

wall t h i . f enr iched m U. Cladding i s Type 316 s t a i n l e s s s t e e l , wi th 

I g n ^ T M r o ' " ' f " " l ^ * ^ ''-^^ ^^ ' ^ ^ ' '°^ ^^« ^ ^ ^ ^ - f — fuel 
suppUed for a s " . " '^^'^ f u e l - d e v e l o p m e n t effort of the UKAEA, 
t h e r m i ? ne t ' " " ' ^ " " ^ ^ ^ e x p e r i m e n t s . B e c a u s e of the high 
t h e r m a l - n e u t r o n c r o s s sec t ion of the s a m p l e , the loop is e n c l o s e d in f 

NomiTal o'.v'^'a^rndTa/o B̂ nn'̂ ;; nn^'c '̂ ^ "'• ""'' ° ° ' ' ^^ ^- ^ Study of the Physical Properties of 
77;p^^;^^-^~-A£^^JH;2!aU02 Fast-reactor Fuel Pms Preparatory to Transient Tl^i^Ti^^^^re. 
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thermal-neutron shield (see P rogress Report for December, ANL-7655, 
pp. 133-134) to reduce the power "spike" at the surface of the oxide. Cal
culations by t ransport theory predict that this thermal-neutron shield, 
which is thick enough to be essentially opaque to thermal neutrons, is worth 
-3% Ak in TREAT. This calculation is in satisfactory agreement with meas 
urement in TREAT. In order to compensate for most of this reactivity loss, 
the viewing slot for the neutron hodoscope has been filled in behind the loop. 
Background from the fuel in the slot, streaming past the loop sample, has 
been reduced by loading the slot with a 10-cm square cross-sect ion, TREAT 
graphite dummy element between the slot fuel and the loop. This dummy 
thermalizes the neutrons from the slot fuel, which are then stopped from 
passing through the loop into the hodoscope by the loop thermal neutron 
shield. 

In the absence of a shipping container for the loop (see 
Sect. IV.A.4.b below), it was necessary to ship the test pin separately from 
the meltdown loop ("B-3") for the experiment. During the report period, 
the B-1 loop and the thermal-neutron shield were used for a power-
calibration run. The shield was removed from the B-1 loop and placed 
around the B-3 in preparation for the actual meltdown test. 

Detailed results from the PFR pin tests are to be handled 
under the existing agreement between the USAEC and the UKAEA on data 
exchange. 

b. Experimental Support (C. E. Dickerman) 

Last Reported: ANL-7655, pp. 131-134 (Dec 1969). 

(i) Loop Operations. The Mark-II Loop Operating Manual 
originally prepared for the checkout tests has been revised on the basis of 
actual experience at TREAT and routine improvements in the loop system. 
Revisions may be summarized as follows: 

(a) deletion of one-time installation instructions needed 
for the checkout tes ts ; 

(b) change to strain-bridge pressure t ransducers (see 
P rogres s Report for November 1969, ANL-7640, 
pp. 133-136); 

(c) changes in heater-power circuitry. 

Drawings incorporating the changes have been supplied with 
the revised operating manual, which is designated as "Revision A." As 
additional revisions in the Operating Manual become necessary and as ex
perience with the Mark-II system is accrued, these revisions will be keyed 
to specific page numbers or sections. 
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(ii) Shipping C a s k . A data package c o n s i s t i n g of the r e v i s e d 
r epo r t for cask des ign , vendor shop d r a w i n g s , ANL d r a w i n g s of A N L -
fabr ica ted p a r t s , and the ANL Qual i ty A s s u r a n c e P l a n w a s s u b m i t t e d to the 
AEC on J a n u a r y 5, 1970 wi th a r e q u e s t for a p p r o v a l of the c a s k d e s i g n . 
When approva l is r e c e i v e d , the o r d e r for c a s k f a b r i c a t i o n wi l l be i s s u e d to 
the vendor . 

c. TREAT O p e r a t i o n s ( J . F . Boland) 

Las t R e p o r t e d : A N L - 7 6 5 5 , p . 134 (Dec 1969). 

(i) Reac to r O p e r a t i o n s . Neu t ron r a d i o g r a p h s w e r e m a d e of 
the capsules f rom e x p e r i m e n t a l S u b a s s e m b l y X 0 3 3 , one g r o u p of E B R - I I 
d r ive r - fue l e l e m e n t s , and 19 u n i r r a d i a t e d E B R - I I e x p e r i m e n t a l c a p s u l e s . 

The r e a c t o r was r e l o a d e d for e x p e r i m e n t s us ing the M a r k - I I 
packaged sodium loop. C a l i b r a t i o n i r r a d i a t i o n s of a t h r e e - r o d c l u s t e r of 
UO2 e lements and a m i x e d - o x i d e P F R * pin w e r e m a d e under s t e a d y - s t a t e 
condit ions. A P F R pin was loaded into a s o d i u m - f i l l e d M a r k - I I loop and the 
ins t rumenta t ion was checked out. T r a n s i e n t i r r a d i a t i o n of the f i r s t P F R pin 
should be comple ted by F e b r u a r y 6, 1970, 

(ii) Development of A u t o m a t i c C o n t r o l S y s t e m for P o w e r L e v e l 
P r e l i m i n a r y t e s t s of the h y d r a u l i c c o n t r o l - r o d - d r i v e s y s t e m at the con -
t r a c t o r ' s plant w e r e w i t n e s s e d dur ing J a n u a r y . Mino r m o d i f l c a t i o n s to the 
sys tem should be comple ted by J a n u a r y 30, and an ANL r e p r e s e n t a t i v e wi l l 
wi tness the final shop t e s t s s chedu led for the week of F e b r u a r y 2. Sh ip 
ment of the equipment is s chedu led for the week of F e b r u a r y 9. 

5- Ma te r i a l s Behavior and E n e r g y T r a n s f e r ( M . G . C h a s a n o v ) 

^- Theo re t i ca l E x t r a p o l a t i o n of M e a s u r e d P h y s i c a l - p r o p e r t y Data 
to Higher T e m p e r a t u r e s 

Las t Repor t ed : A N L - 7 6 3 2 , pp. 138-139 (Oct 1969). 

r i . U f • . ^ ' ' ^ ° ^ " ^ ^ " ° " °'^ h i g h - t e m p e r a t u r e p h y s i c a l p r o p e r t i e s of m a t e -
r als of i n t e r e s t to fast r e a c t o r safety is becoming a v a i l a b l e a s the r e s u l t 
a t h o u r t V ? ' " " ' " * " ' p r o g r a m s at ANL and o t h e r l a b o r a t o r i e s . H o w e v e r , 
although the t e m p e r a t u r e s at which t h e s e da ta w e r e ob ta ined a r e v e r y high 

l e s T t h a n T ^ ' " " " ' " ' ^ ° " ' ° ' " ' ^ " ^^^ ' ° ''°'^^- '^^^^ ^ ^ ^ " H m a r k e d l y 

at t h e s ? i J i f ' T t ' ' ' " ^ e x t r a p o l a t e the e x p e r i m e n t a l da ta for u t i l i za t ion 
e l i s t " ! f,^^"^'^""*ly h ighe r t e m p e r a t u r e s s a t i s f a c t o r i l y , r e c o u r s e to 
existing theory is n e c e s s a r y . 

British Prototype Fast Reactot. 
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The s c a l e d - p a r t i c l e t h e o r y has had outs tanding s u c c e s s in c a l 
c u l a t i o n s of p h y s i c a l p r o p e r t i e s of mo l t en s a l t s . * We have m a d e s o m e 
p r e l i m i n a r y c a l c u l a t i o n s for l iquid UOj b a s e d on th is t h e o r y . The t h e o r y 
r e q u i r e s only two input p a r a m e t e r s : the dens i ty of the l iquid and the d i s 
t a n c e of c l o s e s t a p p r o a c h of the i o n s . In the a b s e n c e of dens i ty da ta m u c h 
above the m e l t i n g poin t , we employed the e s t i m a t e s of l iquid dens i ty of 
R o b b i n s * * for a c r i t i c a l t e m p e r a t u r e of 10,000°K. The d i s t a n c e of c l o s e s t 
a p p r o a c h w a s chosen to be the s u m of the ionic r a d i i at the m e l t i n g poin t ; 
a c o r r e s p o n d i n g - s t a t e s behav io r was a s s u m e d for h ighe r t e m p e r a t u r e s . 

Using the equa t ions given by R e i s s , * we c a l c u l a t e d s u r f a c e 
t e n s i o n , c o m p r e s s i b i l i t y , and vo lume expans iv i ty for UO2 at the me l t i ng 
point ; the r e s u l t s w e r e of the c o r r e c t naagni tude. These p r o p e r t i e s w e r e 
then c o m p u t e d a t h i g h e r t e m p e r a t u r e s ; the r e s u l t s a r e shown in Tab le IV.A.2 . 
At p r e s e n t , t h e r e is no way to e s t a b l i s h the a c c u r a c y of t h e s e v a l u e s . How
e v e r , a s p h y s i c a l - p r o p e r t y da ta a t h ighe r t e m p e r a t u r e s b e c o m e m o r e 
a v a i l a b l e , a t e s t of th i s t h e o r y for u s e with UO2 should be p o s s i b l e . 

T A B L E IV.A.2 , C a l c u l a t e d P h y s i c a l P r o p e r t i e s of Mol ten 
UO2 B a s e d on S c a l e d - p a r t i c l e Theo ry 

I s o t h e r m a l 
T e m p Su r f ace Tens ion C o m p r e s s i b i l i t y Volume Expans iv i t y 
(°K) ( d y n e s / c m ) ( c m V d y n e x lO'^) ("K- 'x lO^) 

4000 830 2.7 8,8 
5000 750 4.0 9.1 
6000 580 6.9 . 9.3 
7000 460 10 9.4 
8000 410 13 9.4 

6. 1000 MW(e) Safety A n a l y s i s S tudies 

a. C o n t r a c t M a n a g e m e n t , T e c h n i c a l Review, and Eva lua t ion 

(L . W. F r o m m ) 

L a s t R e p o r t e d : A N L - 7 6 3 2 , pp. 139-140 (Oct 1969). 

(i) Babcock & Wilcox Co . Subcon t r ac t 

(a) P h a s e I: Malfunct ion and Safety P r o b l e m Survey . The 
P h a s e - I w o r k h a s been c o m p l e t e d and the P h a s e - I r e p o r t . Fau l t T r e e s and 
Malfunct ion Ca ta log (BAW-1344) , is being r e v i e w e d . 

Reiss, H., Advances in Chemical Physics IX, 1 (1965). 
**Robbins, E. J., Limits for the Equation of State of Uranium Dioxide, TRG 1344 (R) (1966). 
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(6) P h a s e II: A c c i d e n t A n a l y s i s and Se lec t ion of Safety 
F e a t u r e s . P h a s e II is p r o c e e d i n g on s c h e d u l e . B&W c o m p l e t e d the s t u d i e s 
of flow a b n o r m a l i t i e s ; the r e s u l t s a r e being d o c u m e n t e d . S tud ies of 
r e a c t i v i t y - i n s e r t i o n a c c i d e n t s , r e a c t i v i t y - c o e f f i c i e n t c a l c u l a t i o n s , and fue l -
a s semb ly bowing a r e being r e p o r t e d . 

The B&W s t u d i e s to identify the p o s s i b l e v io len t ev en t s 
in a s ing le-p in fa i lure or a chain of pin f a i l u r e s have been i n i t i a t e d . E f fo r t s 
continue to eva lua te the r e s p o n s e of c o r e s t r u c t u r e s to a c c i d e n t cond i t ions 
and to study the s o d i u m - v a p o r e x p l o s i o n s . Di f f icu l t ies e n c o u n t e r e d by B&W 
in getting the SASIA code o p e r a t i o n a l have been r e s o l v e d . 

Work by B&W cont inued on the iden t i f i ca t ion and r e v i e w 
of candidate safety f e a t u r e s . The l i s t of r e q u i r e d p r o t e c t i v e a c t i o n s g e n 
e ra ted in the Fo l low-on Study was r e v i e w e d in t e r m s of the P h a s e - I and 
ear ly P h a s e - I I r e s u l t s . No s igni f icant c h a n g e s w e r e iden t i f i ed . The scop ing 
invest igat ion of the p o s t - D B A cooling s y s t e m w a s c o m p l e t e d , m a j o r e m 
phasis was on a t r a n s i e n t - t e m p e r a t u r e a n a l y s i s of the e x t e r n a l m e l t d o w n 
pan to define the magn i tude of the po t en t i a l m e l t - t h r o u g h p r o b l e m . B&W 
reviewed the exis t ing safety f e a t u r e s on the lOOO-MWe L M F B R r e f e r e n c e 
concept; the va r ious safety functions p e r f o r m e d by t h e s e des ign sa fe ty 
fea tures have been ca ta loged . 

Other s tud ies e i t h e r i n i t i a t ed or cont inued by B&W in
clude: a su rvey of r e a c t o r i n t e r n a l c o m p o n e n t s to d e t e r m i n e t h e i r p o t e n t i a l 
effects on the p r i m a r y con ta inmen t , s tudy of m e t h o d s to i n c o r p o r a t e an 
energy a b s o r b e r r ad i a l l y a r o u n d and below the c o r e , s tudy of c and ida t e 
methods of co re suppor t as r e l a t e d to the cove r s t r u c t u r e , and s tudy of the 
potent ial for ins ta l l ing a m a c h i n e r y dome ove r the p r i m a r y - t a n k c o v e r . 

Work is cont inuing at B&W on p r o d u c i n g input da ta for 
calculat ions on flres in the s e c o n d a r y c o n t a i n m e n t . 

7. Violent Boilinp- (R. O. Ivins) 

^- P a r t i c l e H e a t - t r a n s f e r S tudies (D. R. A r m s t r o n g ) 

Las t Repo r t ed : A N L - 7 5 9 5 , p . 120 (July 1969). 

boilinp nb '̂̂  T r a n s i e m Boil ing f r o m a Single Solid S p h e r e . The t r a n s i e n t 
s o i Z " ^ H " ' " ° " - - ° c i a t e d wi th the con tac t of hot fuel f r a g m e n t s wi th 
sodit^m IS being inves t iga ted . In i t i a l e x p e r i m e n t s involve m e a s u r i n g t e m -
fn sodY;^ " " ' " ' " ^ "^^^""^"^ - h e n s ing le s p h e r e s a r e r ap id ly i m m e r s e d 

, . '^he e x p e r i m e n t a l a p p a r a t u s h a s been c o n s t r u c t e d , and the 
echanical equipment and i n s t r u m e n t a t i o n a r e being c h e c k e d . Al though 
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prel iminary tests with water as the quenching medium showed that all 
instrumentation performed well and that good reproducibility of data was 
achieved in duplicate runs, it was observed that the impact of the falling-
sphere assembly induced a shock that was recorded by the p ressu re t r an s 
ducers and sonic detector. This shock, which persis ted for about 0.5 sec 
and masked the output from these instruments, made detection of other 
signals during this interval practically impossible. The apparatus is being 
modified to reduce this effect. After the modifications are made, the appa
ratus will be sealed in a drybox and tests will be conducted with sodium. 

b. Violent Boiling with Molten Fuel and Sodium (D. R. Armstrong) 

(i) Fragmentation and Mixing Experiments (D. Cho) 

Last Reported: ANL-7632, p. 140 (Oct 1969). 

To establish a relationship between the extent of breakup 
and boiling charac ter is t ics of the coolant, studies of fragmentation of molten 
tin quenched in water have continued. Correlations developed in these 
studies will be evaluated in future experiments with reactor mater ia ls 
(e.g., molten stainless steel in sodium). 

Experiments were conducted to examine the effects of 
molten-metal temperatures as well as different degrees of water subcooling. 
The resul ts indicate that there is a certain range of molten-metal tempera
ture for which violent boiling enhances fragmentation ("violent-boiling 
range") . For water at 22°C (subcooling of 78°C), the violent-boiling range 
was from 300 to 600°C. This range changed.little when the entrance velocity 
of the quenched tin was varied from 100 to 773 c m / s e c . The observed 
violent-boiling range seems to coincide with the maximum-heat-flux region 
of subcooled boiling of water . Moreover, it appears that increasing the 
degree of subcooling resul ts in shifting the violent-boiling range toward 
higher tin tempera tures and in increasing the extent of fragmentation. How
ever, because the data are limited, it is difficult to make a quantitative 
comparison with the known character is t ics of boiling of subcooled water . 
Additional runs a re being made to complete the data, 

c. Simulations of Fuel Dispersal (J. J, Barghusen) 

Last Reported: ANL-7632, pp, 141-142 (Oct 1969), 

The first draft of a work plan concerning simulation of fuel 
d ispersa l has been completed. 
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d. Mathematical Models of Fuel-Coolant Dynamics 
(D. R. Armstrong) 

(i) Fuel-Sodium Interaction and Heat Transfer Leading to 
P re s su re Generation 

(a) Paramet r ic Model of P r e s s u r e s due to Dispersal of 
Molten Fuel (D. Cho) 

Last Reported: ANL-7632, p. 143 (Oct 1969). 

As part of detailed modeling efforts, studies have been 
made of the expansion of the cold bubble suddenly formed in a hot liquid 
The studies represent a flrst step toward examining the case in which cool
ant IS entrapped or dispersed in molten fuel. 

The problem considers an inert-gas bubble initially at 
temperature T„ suddenly formed in an infinite volume of liquid initially at 
temperature T^ (>T„). The bubble is initially in mechanical equilibrium 
with the surrounding liquid. As heat t ransfers from the hot liquid into the 
cold bubble, the bubble pressure increases , causing expansion of the bubble 
The course of pressure r ise and bubble growth is determined by the inter- ' 
action between two competing processes : the heating of the bubble, and the 
bubble expansion. The problem involves simultaneous solution of the 
equations of state, motion, and energy. The bubble is assumed to be an 
Ideal gas. The motion of the bubble wall is described by the extended 
Rayleigh equation. The energy equations (which are part ial differential 
meThod"Th" l""^ ' ° "'^'"'"^'^^ differential equations by the integral 
r m e r i c a J y ' ' ' " ' ° ' °'^' '""'^^ differential equations a re solved 

. Two limiting cases have been examined: in Case I, the 
heat transfer process is controlled by the bubble phase; in Case II, the 
r Z d " T : " " ' " '^^ — o u n d i n g liquid medium. Case I assumes 
unUorm b u b i r ' ^ ' " P ^ ^ ^ ' " " ^V^ ^ ' ^^e bubble wall; Case II assumes a 
unifor^ bubble temperature (T^). The thermal conductivity of a gas is 
much lower than that of a liquid, so Case I is a better approximation. 

of the problem: "^^^ ^'''^'^' ^^^^ revealed the following salient features 

equilibrium value (In the"!b ^^ '̂'̂  ' ^ ' ' ' " ' ' " ' P'^^^^"^^ r i ses above the final 
is equal to the ambient " ? ' " ' ' ^ " ' " " ' ' ° " ' ^ '̂̂  ^ q - l i b r i u m value 
followed by a damp d OS • ' l ' - " - ^ ' ' ' " " " ' " " ° ' '""^ ' " " " ' ' ^^ '^^"^^ '' 
radius o s c I u a t e s T °'"'^''°'' ^ ' ^ ° " ' 'he equilibrium value. The bubble 

dilates m a similar manner. The oscillations a re damped even 
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w h e n the s u r r o u n d i n g l iquid is i n v i s c i d . Such damping is a t t r i b u t e d to the 
i r r e v e r s i b l e effect of hea t t r a n s f e r . Hea t t r a n s f e r o c c u r s in such a way 
tha t the o v e r e x p a n s i o n or o v e r c o n t r a c t i o n of the bubble is i m p e d e d . 

2. The m o s t i m p o r t a n t p a r a m e t e r that d e t e r m i n e s 
the m o d e of p r e s s u r e r i s e and bubble g rowth is P „ R ^ / p a ^ for C a s e I, and 

/ 4 / 
( p ^ C.y / p C p ) ( P o j R o / p a ^ ) * f o r C a s e I I , w h e r e P^ i s l i q u i d i n i t i a l p r e s s u r e , 

Ro i s i n i t i a l r a d i u s of b u b b l e , p i s l i q u i d d e n s i t y , a , i s k , / p C _ , k , i s 
bo bo' f^bo P b b 

i n i t i a l t h e r m a l c o n d u c t i v i t y of b u b b l e , p i s i n i t i a l d e n s i t y of b u b b l e , C „ 
"0 ^ b 

i s s p e c i f i c h e a t a t c o n s t a n t p r e s s u r e of b u b b l e , C.^ i s s p e c i f i c h e a t a t c o n -
b 

s t a n t v o l u m e of b u b b l e , a n d a i s k / p C p ; k i s l i q u i d t h e r m a l c o n d u c t i v i t y , p i s 

l i q u i d d e n s i t y , a n d C p i s l i q u i d s p e c i f i c h e a t a t c o n s t a n t p r e s s u r e . W h e n t h e 

p a r a m e t e r ( e i t h e r of t h e t w o , a s t h e c a s e m a y b e ) i s s u f f i c i e n t l y s m a l l e r 

t h a n u n i t y , t h e g r o w t h of t h e b u b b l e c a n b e a p p r o x i m a t e d by a n i n s t a n t a n e o u s 

h e a t i n g f o l l o w e d b y i s o t h e r m a l e x p a n s i o n . T h e i n i t i a l r i s e of t h e b u b b l e 

p r e s s u r e i s m a x i m u m i n t h i s c a s e . W h e n t h e p a r a m e t e r i s s u f f i c i e n t l y 

l a r g e r t h a n u n i t y , t h e g r o w t h of t h e b u b b l e m a y b e a p p r o x i m a t e d b y a 

c o n s t a n t - p r e s s u r e p r o c e s s ( " h e a t - t r a n s f e r - c o n t r o l l e d g r o w t h " ) . H o w e v e r , 

t h e a c t u a l c r i t e r i a d e p e n d s o m e w h a t on t h e v a l u e of T ^ / T Q . 

3 . In m o s t c a s e s , t h e v i s c o s i t y a n d t h e s u r f a c e t e n 

s i o n of t h e s u r r o u n d i n g l i q u i d h a v e o n l y n e g l i g i b l e e f f e c t s on t h e i n i t i a l 

v a l u e of t h e p r e s s u r e r i s e . A s e x p e c t e d , v i s c o s i t y c o n t r i b u t e s t o t h e d a m p 

i n g of t h e o s c i l l a t i o n s , a n d t h e f i n a l e q u i l i b r i u m v a l u e s of t h e b u b b l e p r e s 

s u r e a n d r a d i u s d e p e n d o n s u r f a c e t e n s i o n . 

T h e r e s u l t s of a s a m p l e c a l c u l a t i o n i s p r e s e n t e d i n 

F i g . I V . A . l , w h e r e P u i s b u b b l e p r e s s u r e , R i s b u b b l e r a d i u s , T, i s b u b b l e 

t e m p e r a t u r e ( C a s e I I ) , a n d T g i s t e m p e r a t u r e a t t h e b u b b l e c e n t e r ( C a s e I ) . 

T h e c a l c u l a t i o n d e s c r i b e s t h e e x p a n s i o n of a c o l d a i r b u b b l e s u d d e n l y 

f o r m e d i n m o l t e n g l a s s . B o t h C a s e s I a n d II a r e p r e s e n t e d f o r t h e p u r p o s e 

of i l l u s t r a t i o n , a l t h o u g h C a s e I i s m o r e r e a l i s t i c . T". ; c o n d i t i o n s a n d 

p r o p e r t y v a l u e s u s e d a r e : P ,^ = 1 a t m , T^^ = 1 5 0 0 ° K , k = 0 . 0 0 3 5 c a l / s e c -

c m - ° C , C p = 0 . 3 c a l / g - ° C , p = 2 . 5 g / c m ' , v i s c o s i t y ji = 100 p o i s e , 

s u r f a c e t e n s i o n a = 150 d y n e s / c m f o r t h e l i q u i d g l a s s , a n d Tg = 3 0 0 ° K , 

Ro = 0 . 1 c m , k, = 0 . 0 0 0 1 5 c a l / s e c - c m - ° C , C p = 0 . 2 5 c a l / g - ° C , C p / 
b ^ b b 

C v , = 1 .4 , a n d p , = 0 . 0 0 1 1 8 g / c m ' f o r t h e a i r b u b b l e . F o r C a s e I , t h e 
b OQ 

v a l u e of p a r a m e t e r ? « Ro /pc tu "̂ ^ 1-6 x 10^; f o r C a s e I I , t h e p a r a m e t e r i s 

This is true when (p, C„ /nC.) << 1. In an unlikely case where (n, C„ /p C ) >> 1, the parameter 
"O b P °Q 0 ^ 

should be (p^ C^I^/pCp'^'' '«'^o/Po''-
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Fig. IV.A.l 

Expansion of an Air Bubble Suddenly Formed in Mol
ten Glass. (Broken lines indicate final equilibrium 
values.) 

TIME, 10^ sec nME, lo^sec 

1,43 X 10" . As expec ted f r o m the d i s c u s s i o n a b o v e . C a s e I does not differ 
much f rom a c o n s t a n t - p r e s s u r e g rowth , but C a s e II r e p r e s e n t s a p r o c e s s 
of nea r ly ins tan taneous hea t ing followed by i s o t h e r m a l expans ion . The r a p i d 
damping of the osc i l l a t ions is due to the high v i s c o s i t y of the g l a s s m e l t , 

8. P o s t - a c c i d e n t Heat R e m o v a l (R. O. Ivins) 

a. Engineer ing A n a l y s e s ( j , C, H e s s o n ) 

(i) T h e r m a l l y Stable F u e l - d e b r i s Conf igu ra t i ons in Sod ium 

Las t Repo r t ed : A N L - 7 6 4 0 , pp, 137-138 (Nov 1969), 

In a study of the cooling of p o r o u s p i l e s of fuel d e b r i s by 
na tu ra l convection of sod ium, a n a l y s e s of hea t r e m o v a l f r o m c o l l a p s e d or 
molten co re s under l iquid s o d i u m a r e cont inuing . Recen t w o r k inc ludes 
s tudies of the cooling of porous p i l e s or beds of fuel d e b r i s by n a t u r a l 
convection of liquid sod ium, 

,. ^ , " ^ P°^ous pi le of p i e c e s of fuel d e b r i s e x i s t s unde r l iquid 
sodium the flssion-product decay hea t in the fuel d e b r i s wi l l c a u s e a 
the rmal -convec t ion c i r cu l a t i on of the s o d i u m up th rough the p o r o u s p i le 
The driving force for this c i r c u l a t i o n is the p r e s s u r e due to d i f f e r e n c e s ' i n 
densi t ies between the sod ium in the pool and the hea t ed s o d i u m in the p o r o u s 
po ron , n^i " ^ ^ ' l ! ' ^ " " ' ° ' he c i r c u l a t i o n is the flow f r i c t ion l o s s t h rough the 
Pile sttfr J c i rcu la t ing s o d i u m r e m o v e s hea t f r o m the p i le and . for a 
Pfle sufficiently s m a l l , wi l l keep the p i le f r o m o v e r h e a t i n g and m e l t i n g 
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An equation was developed to calculate the maximum depth 
of a uniform pile of fuel pieces under sodium that can be cooled by natural 
convection of the sodium. The sodium is assumed to have free entry to the 
bottom of the pile and free exit from the top of the pile. 

In this discussion, condition 0 refers to subcooled liquid 
sodium, condition 1 refers to boiling or saturated liquid sodium, and condi
tion 2 refers to saturated sodium vapor. These conditions a re indicated by 
the corresponding subscripts . The sodium in the pool can be subcooled 
(condition 0) or boiling (condition 1), If it is subcooled, it can leave the top 
of the pile as all liquid, all vapor, or as a mixture of vapor and liquid. If 
saturated, it will leave the top of the pile as all vapor or as a mixture of 
vapor and liquid. 

The equation is general in that it can be used for any of the 
above cases . Computations indicate that if the sodium in the pool is con
siderably subcooled, a maximum value of depth will occur when the sodium 
leaves the top as a boiling or saturated liquid (condition 1), The equation 
also shows that if the sodium in the pool is boiling (condition 1), a maximum 
depth will occur when the sodium leaves the top as a saturated vapor 
(condition 2), 

The equation for the maximum depth of the pile is 

= [^(f^e)^ '-l^l 

y^)[^)[Jn 
- 1 

+ L, 
Po Pi 

£n 
P: 

- 1 

Pi + L: 
/ J^z\n Po_ 

\^J Pl 

1 +A1 
Pz 

2 

(1) 

w h e r e D = ef fec t ive d i a m e t e r of p a r t i c l e s in c m , g = a c c e l e r a t i o n due to 
g r a v i t y in c m / s e c ^ , AH = hea t d i f f e r ence in s o d i u m be tween ( e n t r a n c e and 
ex i t ) cond i t i ons in c a l / g , q = decay hea t r a t e in fuel in c a l / s e c - c m ^ , 
L = depth of bed in c m , Lj = depth of bed a t condi t ion 1 in c m , L2 = depth 
of bed be tween cond i t ions 1 and 2 in c m , m = f r i c t i o n - f a c t o r coeff ic ient 
(0.7 for t u r b u l e n t flow Re > 2 , or 5.0 for v i s c o u s flow Re < 2) ,* n = f r i c t i o n -
f a c t o r exponen t (0.15 for t u r b u l e n t flow, or 1.0 for v i s c o u s flow). 

'•perry, J. H.(Ed.), Chemical Engineer's Handbook, .3rd Ed., McGraw-Hill Book Co., Inc., (1950), p. 394. 
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0 = particle-shape factor (l for spheres) , e = fraction void in bed, p = 
sodium density in g/cm^, /i = sodium viscosity in poise, and L J / L J = 
AH1/AH2 = ratio of heats required to heat sodium from conditions 0 to 1 
and 1 to 2. 

The equation is based on uniform flow through the bed and 
additive or homogeneous volume relationship for two-phase flow. The value 
of L is affected only slightly if other types of two-phase flow relationships 
are used. 

As an example, sodium at its boiling point 900°C (1.18 atm) 
enters the bottom of the pile and all is evaporated just as it reaches the top 
of the pile. Table IV.A.3 shows pertinent sodium values. In this case, the 
flow is turbulent and m = 0.7, n = 0.15, Li = 0 and L2 = L. On substituting 
these values in Eq. (1) we have 

480 / e \i.62i , ,„ L = - ( ^ J (0D)O-

If 0 = 1 (spheres), D - 1 cm, e = 0.354 and q = 6 cal /sec-cm^, then 
L = 30 cm. 

TABLE IV.A.3. Sodium Peopertie: 

Temperature, "C 
Density/), g/cm^ 
Specific volume v, cm^/g 
Enthalpti H, cal/g 
Viscosity^. lO"^ poise 

(subcooled liquid) (saturated liquidl (saturated vaporl 

0.7343 
1.3618 

130 
16.7 

0.O003W6 
3178 
921 
1.97 

As a second example, subcooled sodium at 300°C enters the 
pile and just reaches its boiling of 900°C (1.18 atm) as it leaves the top of 
the pile. In this case, the flow is also turbulent and m = 0.7, n = 0.15, 
L, = 0, L 1 - L. On substituting in Eq. (l) . 

l£80/_£^\i 1080/ e \ ' - " i 

If 0 = 1, D = 1 cm, e = 0.354, and q = 6 cal /sec-cm^, then L = 68 cm. 

^'^ using the above equation, values of the propert ies of 
sodium as well as parameters involving the porous bed of fuel particles 
are needed. In general, the necessary values of sodium propert ies are 
available; however, pertinent values for the porosity e, the effective part icle 
Qiameter D, and the shape factor 0, for porous piles of fuel that might be 
ormed are largely unknown and must be estimated. Future experimental 
ork involving interactions of molten fuel should enable better est imates of 

these parameters. 

file:///i.62i
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